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EFFECTS OF CLOPIDOGREL IN ADDITION TO ASPIRIN IN PATIENTS WITH 
ACUTE CORONARY SYNDROMES WITHOUT ST-SEGMENT ELEVATION 

The Clopidogrel in Unstable Angina to Prevent Recurrent Events Trial Investigators* 



Abstract 

Background Despite current treatments, patients 
who have acute coronary syndromes without ST-seg- 
ment elevation have high rates of major vascular 
events. We evaluated the efficacy and safety of the 
antiplatelet agent clopidogrel when given with aspi- 
rin in such patients. 

Methods We randomly assigned 12,562 patients 
who had presented within 24 hours after the onset of 
symptoms to receive clopidogrel (300 mg immediately, 
followed by 75 mg once daily! (6259 patients) or pla- 
cebo [6303 patients) in addition to aspirin for 3 to 12 
months. 

Results The first primary outcome — a composite 
of death from cardiovascular causes, nonfatal myocar- 
dial infarction, or stroke — occurred in 9.3 percent of 
the patients in the clopidogrel group and 11,4 percent 
of the patients in the placebo group (relative risk with 
clopidogrel as compared with placebo, 0,80; 95 per- 
cent confidence interval, 0.72 to 0,90; P<0.001), The 
second primary outcome — the first primary outcome 
or refractory ischemia — occurred in 16.5 percent of 
the patients in the clopidogrel group and 18,8 percent 
of the patients in the placebo group {relative risk, 0.86, 
P<0.001), The percentages of patients with in-hospital 
refractory or severe ischemia, heart failure, and revas- 
cularization procedures were also significantly lower 
with clopidogrel. There were significantly more pa- 
tients with major bleeding in the clopidogrel group 
than in the placebo group <3,7 percent vs. 2,7 percent- 
relative risk, 1.38; P=0.001), but there were not signif- 
icantly more patients with episodes of life-threatening 
bleeding {2,1 percent vs. 1,8 percent, P-0.13) or hem- 
orrhagic strokes. 

Conclusions The antiplatelet agent clopidogrel has 
beneficial effects in patients with acute coronary syn- 
dromes without ST-segment elevation. However, the 
risk of major bleeding is increased among patients 
treated with clopidogreL (N Engl J Med 2001;345: 
494-502,) 

Copyright <S> 2001 Massachusetts Medical Society. 



THROMBOSIS caused by a ruptured or 
eroded atherosclerotic plaque is the usual 
underlying mechanism of acute coronary 
syndromes, 1 Aspirin and heparin reduce the 
risk of death from cardiovascular causes, new myocar- 
dial infarction, and recurrent ischemia, 2 * 3 but there is 
still a substantial risk of such events in both the short 
term and the long term. Intravenous glycoprotein 
Ilb/ITIa receptor blockers have been shown to reduce 
die incidence of early events > mainly among patients 



who are treated according to an invasive strategy, 4 * 5 but 
long-term oral therapy with glycoprotein Ilb/IIIa 
receptor blockers is not beneficial and may even in- 
crease mortality. 6 Similarly, continuing treatment with 
low-molecular-weight heparin beyond one week has 
not been shown to be effective. 7 Although the long- 
term use of oral anticoagulants may be useful, no 
convincing evidence of their benefit is yet available. 8 
Therefore, there is a need to reduce further the risk 
of ischemic events in a broad spectrum of patients both 
when they first present with acute coronary syndromes 
and in the long term. 

The thicnopyridine derivativeSj ticlopidine and clo- 
pidogrel, are antiplatelet agents that inhibit the plate- 
let aggregation induced by adenosine diphosphate, 
thereby reducing ischemic events, 5 * Combining one of 
these drugs with aspirin, which blocks the thrombox- 
ane-mediated pathway, may have an additive effect. In 
patients who are undergoing percutaneous translumi- 
nal coronary angioplasty (PTCA)' with steniing, short- 
term aspirin treatment plus a diicnopyridine derivative 
results in a substantially lower rate of myocardial in- 
farction than docs either aspirin alone or warfarin, 10 
However, the role of long-term combined therapy with 
aspirin and an antiplatelet agent in a broader group of 
patients at high risk for cardiovascular events is un- 
known. We therefore designed the Clopidogrel in Un- 
stable Angina to Prevent Recurrent Events (CURE) 
trial to compare the efEcacy and safety of die early and 
long-term use of clopidogrel plus aspirin with those 
of aspirin alone in patients with acute coronary syn- 
dromes and no ST-segment elevation. 

METHODS 

Study Design 

Wc undertook a randomized, double- blind, placebo- controlled 
trial comparing clopidogrel with placebo in patients who presented 
with acute coronary syndromes without ST-segment elevation. The 
design and rationale of the study have been reported previously' 

Study Patients 

Patients were eligible for the study if they had been hospital- 
ized within 24 hours after the onset of symptoms and did nor 
have ST-scgment elevation. Initially, patients older than 60 years 
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of age with no new etectrocardiograpluc changes but with a history 
of coronary artery disease were included. However, after a review of 
rhe overall rates of events among the first 3000 patients, the steering 
committee recommended that we enroll only patients who had ci- 
ther electrocardiographic changes or an elevation in the scrum level 
of cardiac enzymes or markers at entry. We excluded patients with 
contraindications to antithrombotic or antiplatelet therapy, those 
who were at high risk for bleeding or severe heart failure, those who 
were taking oral anticoagulants, and those who had undergone cor- 
onary tevascuJarixation in the previous three months or had received 
intravenous glycoprotein Ilb/lIIa receptor inhibitors in the previ- 
ous three days. 

After we had obtained written informed consent, patients were 
randomly assigned jo either the clopidogrel group or the placebo 
group by a central, 24-houn. computerized randomization service. 
Permuted- block randomization, stratified according to clinical cen- 
ter, was used. A loading dose of clopidogrel (300 mg orally) or 
matching placebo was administered immediately, followed by clo- 
pidogrcl (75 mg per day) or matching placebo for 3 to 12 months 
(mean duration of treatment, 0 months), Aspirin (recommended 
dose, 75 to 325 mg daily) was started or continued simultaneously 
with the study drug. Follow-up assessments occurred at discharge, 
at one and three months, and then every three months until the 
end of the study. 

Study Organization 

Patients were recruited between December 1998 and Septem- 
ber 2000 at 482 centers in 28 countries. The ethics review board 
at each institution approved the study, The study was organized and 
coordinated and all the data were managed and analyzed by the 
Canadian Cardiovascular Collaboration Project Office, McMaster 
University, Hamilton, Ontario. A steering committee consisting of 
national coordinators oversaw the study. The data were periodically 
reviewed by an independent data and safety monitoring board. 

Outcomes 

The first primary outcome was the composite of death from 
cardiovascular causes, nonfatal myocardial infarction, or stroke, and 
the second primary outcome was the composite of the first primary 
outcome or refractory ischemia. The secondary outcomes were se~ 
vcre ischemia, heart failure, and the need for revascularization. The 
safety- related outcomes were bleeding complications, which were 
categorized as life- threatening, major (requiring the transfusion of 
2 or more units of blood), or minor. All primary outcomes and 
life-threatening and major bleeding complications were adjudicated 
by persons who were unaware of the patients* treatment- group 
assignments. 

Definitions 

Death from cardiovascular causes was defined as any death for 
which there was no clearly documented nonvascular cause. Myocar- 
dial infarction was defined by the presence of at least two of die 
following: ischemic chest painj the elevation of the serum levels 
of cardiac markers or enzymes (troponin, creatine kinase, creatine 
kinase MR isoenzyme, or other cardiac enzymes) to at least twice 
the upper limit of the normal reference range or three times the up- 
per limit of normal within 48 hours after percutaneous coronary 
intervention (or to a level 20 percent higher than the previous val- 
ue if the level had already been elevated because of an early myo- 
cardial infarction); and electrocardiographic changes compatible 
with infarction. 9 Stroke was defined as a new focal neurologic def- 
icit of vascular origin lasting more than 24 hours. Stroke was fur- 
ther classified as the result of intracranial hemorrhage, ischemia (if 
a computed tomographic or magnetic resonance imaging scan was 
available), or uncertain cause. 

Refractory ischemia in the hospital was defined as recurrent chest 
pain lasting more than five minutes with new ischemic electrocar- 
diographic changes while the patient was receiving optimal med- 
ical therapy (two antianginal agents, one of which was intravenous 
nitrate unless such rherapy was contraindicated) and leading to ad* 



ditional interventions (such as thrombolytic dacrapy, cardiac cath- 
eterization, the insertion of an intraaortic balloon pump, coronary 
revascularization, or transfer to a referral hospital for an invasive pro- 
cedure) by midnight of the next calendar day. Refractory ischemia 
after discharge was defined by re hospitalization lasting at least 24 
hours for unstable angina, with ischemic electrocardiographic 
changes. Severe ischemia (in the hospital) was defined as ischemia 
that was similar to in-hospital refractory ischemia but for which no 
urgent intervention was performed. Recurrent angina {in the hos- 
pital) was defined similarly, but dearocardiographic changes were 
not required. 

Major bleeding episodes were defined as substantially disabling 
bleeding, intraocular bleeding leading to the loss of vision, or bleed- 
ing necessitating the transfusion of at least 2 units of blood. Major 
bleeding was classified as lifc-thittatcning if the bleeding episode 
was fatal or led to a reduction in the hemoglobin level of at least 
5 g per deciliter or to substantial hypotension requiring the use of 
intravenous inotropic agents, if it necessitated a surgical interven- 
tion, if it was a symptomatic intracranial hemorrhage, or if it neces- 
sitated the transfusion of 4 or more units of blood. Minor bleeding 
episodes included other hemorrhages that led to the interruption 
of the study medication. 

Statistical Analysis 

Hie study was initially designed to include 9000 patients, with 
an expected rate of events in the placebo group of 12 to 14 percent. 
However, because the rate of events appeared to be lower than had 
originally been expected, the size of the study was increased. As- 
suming a rate of 10 percent in the placebo group for the first pri- 
mary outcome and a two-sided alpha level of 0.045, a study with 
12,500 patients would have 90 percent power to detect a 16.9 per- 
cent reduction in risk. For the second primary outcome, assuming 
a 14 percent rate of events in the placebo group and a two-sided 
alpha level of 0.01, the study had 90 percent power to detect a 
reduction of 16.4 percent in risk. Partitioning the alpha maintains 
an overall level of 0.05, after adjustment for the overlap between 
the two sets of outcomes. All analyses were based on the intcn- 
tion-to-trcat principle and used either die log-rank statistic or the 
chi-squarc test. Subgroup analyses were conducted with the use 
of tests for interactions in the Cox regression model. 

The data and safety monitoring board monitored the incidence 
of the primary outcome to determine the benefit of clopidogrel, 
using a modified Haybittle-Peto boundary of 4 SD in the first 
half of the study and 3 SD in the second half of the study* The 
boundary had to be exceeded at two or more consecutive time 
points, at least three months apart, for the board to consider ter- 
minating the study early. There were two formal interim assess- 
ments performed at the times when approximately one third and 
two thirds of the expected events had occurred. Despite the tact 
that the preset boundary indicating efficacy had been crossed by 
the time of the second interim analysis, the board recommended 
that the trial continue until its planned end, in order to define 
more clearly whether the risks of major bleeding episodes could 
offset the benefits of therapy- 
All unrefutcd events that occurred up to the end of the sched- 
uled follow-up period on December 6, 2000, arc included in the 
analyses. Vital status was ascertained for 1 2,549 of the 1 2,562 pa- 
tients who underwent randomization (99.9 percent), with 6 patients 
in the clopidogrel group and 7 in the placebo group lost to fol- 
low-up, 

RESULTS 

The base-line charaaeristics of die patients arc 
shown in Table L 

Primary Outcomes 

The first primary outcome — death from cardiovas- 
cular causes, nonfatal myocardial infarction, or stroke 
— occurred in 582 of the 6259 patients in die clo- 
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pidogrel group (9.3 percent) as compared with 719 
of the 6303 patients in the placebo group { 11.4 per- 
cent); relative risk, O.SO; 95 percent confidence inter- 
val, 072 to 0.90; P<0.001) (Fig. 1 and 2 and Table 
2). The rate of the second primary outcome — death 
from cardiovascular causes, nonfatal myocardial infarc- 
tion, stroke, or refractory ischemia — was also higher 
in the placebo group (1187 patients [18.8 percent]) 
than in the clopidogrel group (1035 patients [16.5 
percent]; relative risk, 0.86; 95 percent confidence 
interval, 0.79 to 0,94; P<0,001). The rate of each 
component of these composite outcomes also tended 
to be lower in the clopidogrel group, However, the 
clearest difference was observed in the rates of myo- 
cardial infarction (Table 2). With respect to refractory 
ischemia, die difference was observed primarily in first 
events tiiat occurred during the initial hospitalization 
(85 in the clopidogrel group as compared with 126 
in the placebo group; relative risk, 0.68; 95 percent 
confidence interval, 0.52 to 0.90; P= 0.007), with lit- 
tJe difference in the rate of rchospitalization for unsta- 
ble angina. 

Other InHospital Outcomes 

Significantly fewer patients in the clopidogrel group 
than in the placebo group had severe ischemia (176 
patients [2.8 percent] vs. 237 patients [3.8 percent]; 
relative risk, 0.74; 95 percent confidence interval, 0.61 
to 0.90; P=0,003) or recurrent angina (1307 [20.9 
percent] vs. 1442 [22,9 percent]; relative risk, 0,91; 
95 percent confidence interval, 0.85 to 0.98; P=0.01) 
(Fig. 3). Slightly fewer patients in the clopidogrel 
group underwent coronary revascularization during 
the study (36.0 percent vs. 36,9 percent), but the dif- 
ference was accounted for entirely by a difference in 
the rate of revascularization during die initial period 
of hospitalization (20.8 percent in the clopidogrel 
group vs. 22.7 percent in the placebo group, P=0.03). 
Radiologic evidence of heart failure was found in few- 
er patients in the clopidogrel group (229 [3.7 per- 
cent], vs. 280 [4.4 percent] in the placebo group; rel- 
ative risk, 0,82; 95 percent confidence interval, 0.69 
to 0.98; P=0.03). 

Temporal Trends 

The rate of the first primary outcome was lower 
in die clopidogrel group both within the first 30 days 
after randomization (relative risk, 0.79; 95 percent 
confidence interval, 0,67 to 0.92) and between 30 
days and die end of die study {relative risk, 0,82; 95 
percent confidence interval, 0,70 to 0.95) (Fig. 1 and 
2). Further analysis indicated that the benefit of clo- 
pidogrel was apparent within a few hours after ran- 
domization, with the rate of death from cardiovascular 
causes, nonfatal myocardial infarction, stroke, or refrac- 
tory or severe ischemia significantly lower in the clo- 
pidogrel group by 24 hours after randomization (1.4 
percent in the clopidogrel group vs. 2.1 percent in 



Table 1. Base-Link Demographic Characteristics, 
Medical History, ELECTROCA&i>JOGsiAi»nic Changes, 



and Drug 


Therapy.* 






Clopidogrel 


Placebo 




Group 


Group 


CHAIWCTEfllS-nC 


(N=6259) 


IN =6303) 


Age — yr 


64.2*1 1.3 


64,2±11.3 


Femafc sex — no. {%) 


2420 (38.7) 


2416 (38.3) 


Time from onset of pain to nm* 


14.2±7.2 


14.1 ±7.1 


domination — hr 






tiwii nut — uwij/ ixuii 


73 2+14 S 


73.0 £14.6 


Systolic blood pressure — mm Hg 






Diagnosis at study ernry — no* (%) 






Unstable angina 


4690 (74.9) 


4724 (74,9) 


Suspected myocardial infarction 


1569 (25/1) 


1579 (25.1) 


Associated myocardial infarction 


1624 (25.9) 


1659 (26.3) 


— no. (%)t 






iVlCiJ.JL.ul LU5LU1 y •~™ lt\J. \S0f 






Myocardial infarction 


2029 (32,4) 


201 5. (32.0) 


CABG or PICA 


1107(17.7) 


1139 (18.1) 


Stroke 


274 (4.4) 


232 (3.7) 


Heart failure 


462 (7.4) 


492 (7,8) 


Hypertension 


3750 ( 59.9) 


3642 (57,8) 


Diabetes 


1405 (22.4) 


1435 (22.8) 


Current or former smoker 


3790 (60.6) 


3841 (60.9) 


Electrocardiographic abnormality 












Any 


5863 (93.7) 


5921 (93,9) 


ST segment 






Depression ^1 mm 


2642 (42 r 2) 


2646 (42.0) 


Elevation <1 mm 


203 (3.2) 


199 (3.2) 


Transient elevation >2 mm 


38 (0,6) 


37 (0,6) 


T-wavc inversion 






Major f>2 mm) 


1589 (25.4) 


1635 (25,9) 


Other (<2 mm) 


721 (11.5) 


713(11.3) 


Other 


670 (10.7) 


690 (10.9) 


Medications at time of randomiza- 






tion — no. (%) 






Aspirin 


4168 (66.6) 


4134 (65.6) 


Heparin or LMW heparin 


4522 (72.3) 


4605 (73.1) 


ACE inhibitor 


2347 (37.5) 


2309 (36.6) 


Beta-blocker 


3678 (58.8) 


3690 (58.5) 


CaJrium-channcl blocker 


1784(28.5) 


1771 (28.1) 


Lipid- lowering agent 


1599 (25.6) 


1586 (25.2) 


Intravenous nitrate 


2836 (45.3) 


2906 (46.1) 



^Plus-minus \-alucs arc means ±SD. CABG denotes corona ry-artery by- 
pass grafting, PTCA percutaneous transluminal coronary angioplasty, LMW 
low molecular aright, and ACE angiotensin- converting enzyme. 

|An associated myocardial infarction was defined as a myocardial infarc- 
tion associated with the episode of pain that occurred before randomization. 

Jl>au on the particular type of abnormality were missing for one patient 
in the placebo group. 



the placebo group; relative risk, 0.66; 95 percent con- 
fidence interval, 0.51 to 0.86). 

Subgroup Analyses 

The consistency of the results in a number of key 
subgroups is documented in Figure 4. The benefits 
were also consistent among subgroups receiving dif- 
ferent doses of aspirin and among those receiving or 
not receiving iipid-lowcring drugs, beta-blockers, hep- 
arin, or angiotensm-coiwerting-cnzymc inhibitors at 
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Months of Follow-up 

No. at Risk 

Placebo 6303 5760 4664 3600 2388 

Clopidogrel 62S9 5666 4779 3644 2418 

Figure 1. Cumulative Hazard Rates for the First Primary Outcome (Death from Cardiovascular Causes, 
Nonfatal Myocardial Infarction, or Stroke) during the 12 Months of the Study. 
The results demonstrate the sustained effect of clopidogrel. 



the time of randomization. There was a tendency to- 
ward a greater benefit among patients who had pre- 
viously undergone revascularization (relative risk of 
the first primary outcome, 0.56; 95 percent confidence 
interval, 0.43 to 0.72) than among those who had 
not (relative risk, 0.88; 95 percent confidence interval, 
0.78 to 0.99; P for interaction -0.002). However, 
these results should be interpreted cautiously, given 
the large numbers of subgroup analyses that were 
performed. Furthermore, consistent benefits were ob- 
served irrespective of whether patients underwent re- 
vascularization procedures after randomization. 

Safety 

Major bleeding was significantly more common in 
the clopidogrel group (3.7 percent in the clopidogrel 
group as compared with 2.7 percent in the placebo 
group; relative risk, 1.38; 95 percent confidence in- 
terval, 1.13 to 1.67; P=0.001) (Table 3). There were 
135 patients with life -threatening bleeding episodes 
in the clopidogrel group (2.2 percent) as compared 
with 112 in die placebo group (1.8 percent; relative 
risk, L21; 95 percent confidence interval, 0.95 to 
1.56). There was no excess rate of fetal bleeding, bleed- 
ing requiring surgical intervention, or hemorrhagic 
stroke* The excess major bleeding episodes were gas- 
trointestinal hemorrhages and bleeding at the sites of 




No, at Risk 
Placebo 6303 
CEopidogrei 6259 



10 20 
Days of Follow-up 



6108 
6103 



6035 



30 



5957 
5984 



Figure 2. Cumulative Hazard Rates for the First Primary Outcome 
(Death from Cardiovascular Causes, Nonfatal Myocardial Infarc- 
tion, or Stroke) during the First 30 Days after Randomization. 
The results demonstrate the early effect of clopidogrel 
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TABl£ 2. IN'CIDENCIS OV THE MAIN STUDY OUTCOMES.* 



Outcome 



First primary outcome: nonfatal myo- 
cardial infarction, stroke, Or 
death from cardkrvascuter 



Clopidogbel 
Group 



Placebo 
Group 
(N-6303) 



Relative Risk 
|95Yo C\\ 



P Value 



582 (9.3) 719 (11.4) 0.S0 (0.72-0.90) <G.001 



Second primary outcome: first 

primary outcome or 

refractory ischemia 
Death from cardiovascular c 
Myocardial infarctionf 

Q-wave 

Non-Q-wavc 
Stroke 

Refractory ischemiaf 

During initial hospitalization 
After discharge 
Death from nonrardiovascular causes 



1035 (16.5) 1187 (1S.8) 0.86 (0.79-0.94) <0,001 



31»(S.l) 
324 (S.2) 
1X6 (1.9) 
216(3.5) 

75 (1.2) 
544 (8.7) 

85(1,4) 
459 (7.6) 

41 (0,7) 



345 {5.5) 
419 (6.7) 
193 {3.1) 
242 {3.8) 

87 (1.4) 
587 (9.3) 
126 (2.0) 
461 (7.6) 

45 (0.7) 



0.93 (0.79- 
0.77 (0.67- 
0.60 (0.4&* 
0.89 (0.74^ 
0.86 (0.63- 
0.93 (0.82- 
0.68 (0.52- 
0.99 {0.87- 
0,91 (0,60- 



1.08) 
0.39) 
0.76) 
1.07) 
1.18) 
•1.04) 
0.90) 
1.13) 
1.39) 



*Thc number of patient* who died from cardiovascular causes or had a nonfatal myocardial Infarc- 
tion was 539 (8.6 percent) m the ciopidogrel group and 660 (10.5 percent) in the placebo group 
(P<0.001; relative risk, 0.81; 95 percent confidence interval, 0.72 to 0,91). The corresponding num- 
bers at 30 days were 241 (3.9 percent) and 305 (4.8 percent) (relative risk, 079; 95 percent confi- 
dence interval, 0.67 to 0.94; P^O.007). CI denotes confidence interval. 

fSome patients had both a Q-wave and a non-Q-wavc myocardial infarction. 

JOnly rhc first ischemic event was counted for each patient. 



arterial punctures. The number of patients who re- 
quired die transfusion of 2 or more units of blood was 
higher in the ciopidogrel group (177 [2.8 percent]) 
than in the placebo group (137 [2.2 percent], P= 
0.02). The rate of major bleeding episodes was higher 
early (within 30 days after randomisation: 2.0 percent 
vs. 1.5 percent; relative risk, 1.31; 95 percent confi- 
dence interval, 1.01 to 1.70) and also late (more than 
30 days after randomization: 1.7 percent vs. 1,1 per- 
cent; relative risk, 1,48; 95 percent confidence interval, 
1.10 to 1.99), Overall, there was no significant excess 
of major bleeding episodes after coronary-artery by- 
pass grafting (CABG) (1.3 percent vs. 1.1 percent; rel- 
ative risk, 1,26; 95 percent confidence interval, 0.93 to 
1.71). However, in most patients scheduled for CABG 
surgery, the study medication was discontinued be- 
fore the procedure (median time before the procedure, 
five days). In the 910 patients in whom the study med- 
ication was discontinued more than five days before 
the procedure (five days being the duration of the ef- 
fect of ciopidogrel), there was no apparent excess of 
major bleeding within seven days after surgery (4.4 
percent of the patients in the ciopidogrel group vs. 
5.3 percent of those in the placebo group). In the 912 
patients who stopped taking the medications within 
five days before CABG surgery, the rate of major 
bleeding was 9.6 percent in the ciopidogrel group and 
6.3 percent in die placebo group (relative risk, 1.53; 



P=0.06), Overall^ the risk of minor bleeding was 
significantly higher in the ciopidogrel group than in 
the placebo group (322 [5.1 percent] vs. 153 [2.4 
percent]; P<0.001). The numbers of patients with 
thrombocytopenia (28 in the placebo group and 26 
in the ciopidogrel group) or neutropenia (5 and 8, 
respectively) were similar. 

Adherence to Study Medication and Aspirin 

A total of 46.2 percent of the patients in the ciopid- 
ogrel group discontinued the study medication tem- 
porarily (for more than five days), as compared with 
45,4 percent in the placebo group. The most common 
reason for the temporary discontinuation of the study 
medication was the need for revascularization or an- 
other surgical procedure; 84 percent of the patients 
with such a need discontinued die medication before 
the procedure. A total of 21,1 percent of the patients 
in the ciopidogrel group discontinued the study med- 
ication permanently, as compared with 18.8 percent 
in die placebo group. A total of 99 percent of the pa- 
tients in both groups were taking aspirin while they 
were in die hospital, 96 percent were taking it at three 
months, and 94 percent at the final visit. The use of 
all other medications (other than thrombolytic ther- 
apy and glycoprotein Ilb/IIIa receptor inhibitors) 
was similar in the ciopidogrel group and the placebo 
group. 
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Other In-Hospital Outcomes 

Figure 3, Proportions of Patients Who Had Events Other Than Those Included in the First Primary Outcome while They 
Were in the Hospital, 

The numbers and percentages of patients in each group with the specified outcome are given above the bars, RR de- 
notes relative risk. 



Thrombolytic Therapy and Glycoprotein llb/lMa 
Receptor Inhibitors 

A total of 71 patients in the clopidogrcl group (1.1 
percent) and 126 patients in the placebo group (2.0 
percent) received thrombolytic therapy (relative risk, 
0.57; 95 percent confidence interval, 0.43 to 0.76; 
P<0.001); 369 patients in the clopidogrcl group (5.9 
percent) and 454 in the placebo group (72 percent) 
received a glycoprotein Ilb/IIIa receptor inhibitor 
(relative risk, 0.82; 95 percent confidence interval, 
0.72 to 0.93; P-0.003), 

DISCUSSION 

Our study demonstrates the benefit of adding clo- 
pidogrcl to the regimen of treatment for patients with 
acute coronary syndromes without ST-segmcnt eleva- 
tion who are receiving aspirin and other medications. 
Treatment with clopidogrcl reduced the risk of myo- 
cardial infarction and recurrent ischemia, with a trend 
toward lower rates of stroke and death from cardiovas- 
cular causes. Fewer patients in the clopidogrel group 
received a thrombolytic agent or an intravenous gly- 



coprotein Ilb/IIIa receptor inhibitor. The benefits we 
observed were in addition to those of aspirin, which 
was recommended for all patients, indicating that 
blocking the adenosine diphosphate -receptor path- 
way with clopidogrel leads to fiirther benefit. 

Our study primarily included centers in which there 
was no routine policy of early use of invasive proce- 
dures, since such a policy would have led to a high rate 
of immediate discontinuation of the study medication 
and the use of an open-label rliienopyridine derivative. 
Once a patient had been randomly assigned to a treat- 
ment group, there were no restrictions on the use of 
any therapy or intervention. In particular, if the clini- 
cian believed that angiography and revascularization 
were needed or that a thienopyridine derivative was 
indicated, the study medication could be stopped or 
open -label clopidogrel or ticlopidine could be used. 
In fact, 5491 patients (43.7 percent) underwent an- 
giography, 2072 patients (16.5 percent) underwent 
CABG, and 2658 patients (21.2 percent) underwent 
PTCA. In 85.8 percent of the patients who under- 
went PTCA and 84.9 percent of those who underwent 
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Characteristic 



No, of Percentage of 

Patients Patients with Event 

Placebo Clopidogrel 



Overall 


12562 


11.4 


9.3 




3283 


13.7 


11.3 


No associated Mf 


9279 


10.6 


8.6 




7726 




9.1 




4836 


10.7 


9.5 


*S5 yr oW 


6354 


7.6 


5,4 


>S5 vr old 


620B 


IK 1 ! 




ST-segment deviation 


6275 


14.3 


11.5 




0*0 f 


o.o 


7 n 


Enzymes elevated at entry 


3176 


13.0 


10.7 


Enzymes not elevated at entry 


9386 


10.9 


8.8 


Diabetes 


2840 


16.7 


14.2 


No diabetes 


9722 


9.9 


7,9 


Low risk 


4187 


6.7 


5.1 


Intermediate risk 


4185 


9.4 


6,5 


High risk 


4184 


18.0 


16.3 


History of revascularization 


2246 


14.4 


8.4 


No history of revascularization 


103T6 


10.7 


93 


Revascularization after randomization 


4577 


13.9 


11.5 


No revascularization after randomization 


7935 


10,0 


8.1 
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Figure 4. The Rates and Relative Risks of the First Primary Outcome (Death from Cardiovascular Causes, Nonfatal Myocardial In- 
farction, or Stroke) in Various Subgroups. 

The data show the consistency of the benefit of clopidogrel. The dotted line represents the average treatment effect The size of 
each box is proportional to the number of patients in the individual analysis. An associated myocardial infarction (Ml) was defined 
as a myocardial infarction associated with the episode of pain that occurred before randomization. Because of missing data, six 
patients could not be classified in a risk category. CI denotes confidence interval. 



CABG, the use of the study medication was tempo- 
rarily interrupted for more than five days, and the 
vast majority of die patients who underwent PTCA 
received a thienopyridinc-typc antiplatelet agent for 
about two to tour weeks. In the patients who under- 
went CABG, die study medication was restarted after 
a median of 11 days. Although these interruptions of 
therapy with die study medication would tend to re- 
sult in an underestimate of the difference between the 
clopidogrel group and the placebo group, tiiey also 
permit us to make usemi estimates of die benefits and 
risks of clopidogrel when it is used routinely and over 
the long term, as compared with a strategy of more 



selective and short-term use among those undergoing 
implantation of a coronary stent. 

Clopidogrel prevented a range of ischemic coronary 
events — among them, myocardial infarction and se- 
vere and refractory ischemia. Clopidogrel vvas associ- 
ated with a trend toward fewer ischemic strokes, and 
there was no increase in the rate of hemorrhagic stroke 
tiiat would offset these benefits. There was a significant 
reduction in the incidence of heart failure with clo- 
pidogrel that was of about the same magnitude as die 
reduction in the incidence of ischemic events, suggest- 
ing that the reduction of ischemia can prevent heart 
failure. The benefits of clopidogrel were observed in 
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Table 3. Bleeding Complications.* 



Group Group Relative Rtsx 



Variable 


<N=6259] 


(N=6303i 


$95% CI) 


P Value 




nD. t%) 






Major bleeding 


231 (37) 


169 (2.7) 


1,38 (1,13-1,67) 


0.001 


Necessitating transfusion of 3*2 units 


177 (2.8) 


137(2.2) 


1.30 (1,04-1,62) 


0.02 


of blood 




LI ft- threatening 


1X5 (2.2) 


112 (1.8) 


1.21 (0.95-1.56) 


0.13 


Faral 


11 (0.2) 


15 (0.2) 






Causing S g/dl drop in hemoglobin 


53 (0.9) 


57 (0.9) 






level 










Requiring surgical intervention 


45 (0.7) 


43 (0.7) 






Causing hemorrhagic stroke 


7 (0.1) 


5 (0.1) 






Requiring inotropic agents 


34 (0,5) 


34 (0.5) 






Necessitating transfusion of 5*4 units 
of blood 
Non-lifc-ihrearening 


74 (1,2) 


60(1.0) 






96 (1.5) 


57 (0.9) 


1.70 (1.22-2.35) 


0.002 


Site of major bleeding 










Gastrointestinal 


83 (1,3} 


47 (0.7) 






Retroperitoneal 


8(0,1) 


5(0.1) 






Urinary (hematuria) 


4(0,1) 


5 {0.1 ) 






Arterial puncture site 


36 (0,6) 


22 (0,3) 






Surgical site 


56 (0,9) 


53 (0.8) 






Minor bleeding 


322 (5.1) 


153 (2,4) 


2.12(1.75-2.56) 


<0.001 


Total with bleeding eompHcations 


333 (S.5) 


317 (5.0) 


1.69 (3.43-1.94) 


<0.001 



'The number of patients with bleeding that met the criteria for major bleeding established by the 
Thrombolysis in Myocardial Infarction trial" was 68 in tilt ciopidogrel group and 73 in the placebo 
group (relative risk, 0.94; 95 percent confidence interval, Q.6S to LSD; The number with 

bleeding that met the criteria for life-threatening or severe bleeding established by the Global Utilization 
of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries trial 12 was 78 in the 
ciopidogirl group and 70 in the placebo group (relative risk> 1.12; 95 percent confidence interval 0,81 
to 1.55; P«=0.48). Some patients had more than one bleeding episode. CI denotes confidence imcrval. 



a range of patient's, including both patients who were 
undergoing revascularization procedures and those 
who were not The benefits were also observed in 
those at low, medium, and high risk of cardiovascular 
events and those who were receiving various proven 
therapies such as aspirin, lipid-lowering drugs, an- 
giotensin- converting- enzyme inhibitors, and beta- 
blockers. 1316 The benefits of ciopidogrel were appar- 
ent as early as the first 24 hours after randomization^ 
indicating that the oral loading dose was rapidly ef- 
fective. Thereafter, the differences between the two 
groups were maintained until the end of the study, 
Ciopidogrel increased the risk of minor and major 
bleeding episodes, For every 1000 patients treated 
with ciopidogrel, 6 will require a transfusion. However; 
there was no excess in bleeding that caused strokes, 
required surgical intervention or inotropic agents, or 
caused permanent disability. Furthermore, the excess 
risk of bleeding we observed is similar to that observed 
widi aspirin alone, as compared with a control, in pre- 
vious studies and lower than that observed in most 
trials of the short-term intravenous use or the pro- 
longed oral use of glycoprotein Ilb/IIIa receptor in- 
hibitors. 4 - 16 ' 17 The risk of bleeding may have been part- 
ly mitigated by die temporary discontinuation of the 
study medication before surgery. Treatment with cio- 



pidogrel was not associated with an excess rate of any 
other type of adverse event that necessitated the dis- 
continuation of the study drug; this finding indicates 
that the combination of ciopidogrel and aspirin is as 
well tolerated as aspirin alone. 

In summary, ciopidogrel significantly reduces the 
risk of the composite outcome of death from cardio- 
vascular causes, nonfatal myocardial infarction, or 
stroke, as well as a range of related ischemic events. 
The use of the drug, in addition to aspirin, is asso- 
ciated with an increased risk of bleeding. 
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CORRECTION 

Effects of Clopidogre! in Addition to Aspirin in 
Patients with Acute Coronary Syndromes without 
ST-Segment Elevation 

Effects of Clopidogre! in Addition to Aspirin in Patients with Acute 
Coronary Syndromes without ST-Segment Elevation , On page 502, 
20 lines from the bottom oi the left-hand column, "B, Pontillo" should 
have been listed as "D, Pontillo/' 
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CORRECTION 

Effects of Ciopidogrel in Addition to Aspirin in 
Patients with Acute Coronary Syndromes without 
ST-Segment Elevation 

Effects ol Ciopidogrel in Addition to Aspirin in Patients with Acute 
Coronary Syndromes without ST-Segrnent Elevation . On page 494, 
at me end of the Results section of the abstract, the percentages of 
patients with episodes of life-threatening bleeding should have been 
"2.2 percent vs. 1.8 percent," not "2.1 percent vs. 1.8 percent" 
as printed, in the Manuscript Writing Committee listed at the bot- 
tom of the right-hand column, "Keith K. Fox" should have read "Keith 
A. A. Fox." On page 498, on line 13 of the left-hand column, the rates 
of bleeding after coronary-artery bypass grafting should have read, 
"8.3 percent vs. 6.6 percent/' not * 1.3 percent vs, 1.1 percent, "as 
printed. 
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The ut w><* pharmacological profile of CS-747, a novel antiplatelet 
agent with platelet ADP receptor antagonist properties 

* Atsuhiro Sugidachi, *-'Fumitoshi Asai, Taketoshi Ogawa, nTeruhiko Inoiie & 'Hiroyuki Koike 

?£ i !%*f 3 } OSy ** d M°tert*r ^o$y Research laboratories. Sankyo Co,, Ltd., 1-2-58 Hiromachi, Shinagawa-ku, Tokyo 
140-8710, Japan and 2 Ube Research Laboratory Ube Industries, Ltd., Kogushi 1978-5, Ube City, Yamaguchi 755-8633, Japan 

1 CS-747 h a novel antiplatelet agent that, generates an active metabolite, R-99224, in vivo. CS-747 
itself was totally inactive in vitro. This study examined in vivo pharmacological profiles of CS-747 
after single oral administration to rats. 

2 Orally administered CS-747 (0.3- K) mg kg" 1 ) partially but significantly decreased 
methytthio-ADP binding to rat platelets. CS-747 (3 mg kg-', p.o.) treatment neutralized ADP- 
induced decreases of cyclic AMP concentrations induced by prostaglandin Ei, stifceestine that 
metabolites of CS-747 intcrrcre wth G r linked P2T receptor. ' 

3 CS-747 (0,3 and 3 mg leg*" 1 , p.o.) markedly inhibited ex vivo washed platelet aggregation in 
response to ADP but not to thrombin, CS-747- also exhibited a marked inhibition of ADP-induccd 
ex vim platelet aggregation in PRF with a rapid onset {<0.5 h) and long duration (>3 days) of 
action (£D» at 4 h=* L2 mg kg~ J )« 

4 R-99224 (10^45 /iM) inhibited in vitro PRP aggregation in a concentration-related manner. 

5 CS-747 prevented thrombus formation in a dose-related manner with an ED» value of 
0.$* mgkr 1 . CS-747 was more potent than clopidogrel {6,2mgkg~') and ticlopidine 
(>300 mg kg- 1 ). ° * 

6 CS-747, clopidogrel, and ticlopidine prolonged the bleeding time. The order of potency of these 
agents in this activity was the same as that in antiaggregatory and antithrombotic activities. 

7 These findings indicate thai CS-747 is an orally active and a potent antiplatelet and 
antithrombotic agent with a rapid onset and long duration of action, and warrants clinical 
evaluations of the agent. 

British Journal of Pharmacology (2000) 129, 1439-1446 
Keywords: Platelet aggregation; thrombosis; bleeding time; CS-747; platelet ADP receptors; active metabolite; R-99224 
Abbreviations: ADP, adenosine ^'-diphosphate; BSA, bovine scrum albumin; EDTA, ethylcnediamine tctraacetic acid- HEPES 
N^hydroxylethylpipcrazinc-N^2-elhanesulphonic acid; IBMX, 3-isobutyM-mcthylxanthine; 2-MeS-ADP, 2- 
methykhio-adcnosine 5'-diphosphate; PGE, t prostaglandin E,; PPP, platelet-poor plasma; PRP, platclct-rich 
plasma 



Introduction 

The platelet activation and subsequent platelet aggregation Fagura et ai } 1998; Daniel ei < 1998), Tnienopyridine 
play an essential role in the pathogenesis of cardiovascular, derivatives such as ticlopidine and clopidogrel arc orally active 
cerebrovascular, and peripheral vascular diseases (Antiplatelet inhibitors of ADP-induccd platelet aggregation with a slow 
Tnalists" Collaboration, 1988; Schror, 1995). Upon vascular onset and long duration of action (McTavish et ai re- 
injury, ADP, a potent platelet activator, is released into the Goukelt & Markharn, 1997), Previous studies have demon- 
bloodstream from damaged ceils and activated platelets, which straled that these agents inhibit the binding of radiolabeled 2- 
m turn acts on other platelets (Gachet et < 1996). ADP methyithio-ADP (2-MeS-ADP), a stable analogue of ADP, to 
induces a number of responses in platelets, including shape human and animal platelets ex vivo, It has been speculated that 
change from disc to sphere, aggregation, and secretion of the mechanism of those actions involves the inhibition of the 
granule contents (Gachet & Cazenave, 1991)- These responses QrHnlccd P2T receptor (Mills et ai. 1992; Savi et ol, 1994a; 
are considered to be mediated by ADP's interaction with Gachet et ol f 1995), but the putative active metabolites remain 
specific binding sites on the pJalelct membrane that have been to be elucidated (Saltiel & Ward, 1987; Savi et af 1994b' 
tentatively designated as P2T receptors (Hourani & Hall, 1994; Coukell & Markham, 1997). The clinical efficacy of these 
Gachet etot. } 1996). The P2T receptors arc probably composed agents was demonstrated in human clinical trials, e.g. CATS 
of three distinct receptors, i.e., the P2X,, ligand gated ion (Gent et ai t 1989). TASS (Hass et al % 1989) and CAPRIE 
channel receptors and two distinct G-protcin coupled ADP (CAPRIE Steering Committee, 1996). However, the therapcu- 
rccepiors (a G q -iinked P2Y, receptor and a Grlinked P2T tic doses of ticlopidine are accompanied by serious side effects 
receptor distinct from P2Y.) (for review see Kunapuli, 1998a, such as neutropenia and abnormal liver function. Clopidogrel 
'* has been reported to be as safe as aspirin, but its therapeutic 
The importance of the G r ltnked P2T receptor in platelet benefit compared to aspirin is marginal (CAPRIE Steering 
aggregation has been demonstrated in recent studies using Committee, 1996). 

ARL 66096, ticlopidine and clopidogrel (Mills et aU 1992; CS-747 (Figure t) is a novel antiplatelet agent which 

generates an active metabolite, R-99224 (Figure l) t m vivo. In 
the present studies, we investigated the in vivo pharmacological 
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antiplatelet and antithrombotic effects of single oral adminis- 
trations of CS-747 to those of clopidogrcl and tidopidinc. The 
pharmacological profile of CS-747 revealed in the present 
study shows its potential as an antiplatelet agent. 

Methods 

Animals 

The experimental procedures employed in this study were in 
accordance with the guidelines of the Institutional Animal 
Care and Use Committee at Sankyo Research Laboratories 
(Tokyo, Japan). We used male Sprague-Dawtey rats purchased 
from Japan SLC (Shizuoka, Japan)* The animals were allowed 
free access to standard rat chow and water. 

Preparation of platelet-rich plasma and washed platelets 

Rats were anaesthetized with pentobarbital sodium 
(40 ingles- 1 , »'p.)- Blood was drawn from the 'abdominal 
aorta into a plastic syringe containing 3.8% (w v-') trisodium 
citrate (1 :9 volumes of blood) as an anticoagulant. Platelet- 
rich plasma (PRP) was prepared by ccntrifugation at 230 xg 
for 15 min at room temperature. Platelet-poor plasma (PPP) 
was obtained by ccntrifugation of the remaining blood at 
2000 X£ for 10 min. Platelet counts in PRP were adjusted to 
5 x 10* mi " 1 by adding PPP. 

Washed platelets were prepared as described previously 
(Sugidachi et at., 1998) with slight modifications. After 
prostaglandin E* (PGHj) .at 100 nM was added to the PRP, 
the mixture was centrifuged at 1300x# for 6 min, and the 
resulting platelet pellet was resuspended in a washing buffer 
containing (in mM): NaCl 140, KCI 2.7, NaHCO a 12, 
NaHaPO* 0.4, MgCij 0.8, glucose 5, HEPES 10, and 
3.5mgml-' fatty acid-free bovine serum albumin* pH 6.7. 
Finally this platelet suspension was further washed and 
resuspended in the suspension buffer {same composition as 
the washing buffer, pH 7.4). In studies on washed platelets, the 
platelet suspension was supplemented with 0,068 mg ml" 1 
human fibrinogen and 1 mM Ca a \ 

! s Hh2-MeS~ADP binding 

The washed platelet suspension (2x10 s platelets ml" 1 ) was 
incubated with 10 nM t*HJ-2-MeS-ADP at room temperature. 
After 30 mtn t the reaction mixture was layered onto a 20% 
sucrose solution in suspension buffer and the bound ligand was 
separated by centrifugaiion at t0.Q00x£ for 3 min at room 
temperature, After careful aspiration of the supernatant, the 
platelet pellet was dissolved in NCS-II (Amersham, Buck- 
inghamshire, U.K.) and its radioactivity was measured by 
scintillation counting. Specific binding was denned as the 
difference between thie total binding and nonspecific binding 
determined by addition of unlabeled 2-MeS-ADP at 100 /jM, 



Measurement of cyclic AMP concentration 

To indirectly measure adcnylyl cyclase activity, cyclic AMp 
levels were determined according to the method of Defrcyn et 
at. (1991), PGE, was used to elevate cyclic AMP levels. A 
mixture of 1,5 ml buffer (in mM: Tris 15, NaCl J20 # KCi 4, 
MgSOi L6, NaH 1 PQ i -2H 1 Q 2, glucose 10, 0^2% BSA. IBMX 
15; pH 7,4) and 3 mi PRP (5x10* platelets ml"') was 
incubated at 37°C for 1 min, and then PGE, (10 ><M) was 
added. ADP (10 um) or saline was added to the reaction 
mixture at 3 min after PGE, stimulation. AltquoU in a volume 
of 0,5 ml were taken from the reaction mixture before and 1, 3, 
4, and 6 min after PGEj stimulation. These samples were 
supplemented with 50 #1 of 6N HCI and 50 j/M EDTA solution 
and boiled for 5 min. After rapid cooling on ice, the samples 
were centrifuged at 1 0,000 for 5 min at 4*C, After adding 
CaCO* (60 mg), the supernatant (300>l) were incubated at 
room temperature for I5mtn and then centrifuged again at 
tO.QOQ xff for 5 min at 4'C. The final supernatant were 
assayed for cyclic AMP levels using a commercially available 
EIA kit (Amcrsham, Buckinghamshire, U.K.). 

Measurement of ex vivo platelet aggregation and shape 
change 

All aggregation studies were performed in Mebanix aggreg- 
ometers (model PAM-6C and PAM-8C, Tokyo, Japan). The 
washed platelets (3 x 10* platelets mr 1 ) or PRP (5 x10' 
platelets ml -4 ) in a volume of 240 fi\ were incubated at 37*C 
for 1.5 min in the aggregometer with continuous stirring at 
IOO0 r.p.m. and then stimulated with JO /d of ADP/collagea, 
or thrombin, Changes in light transmission were recorded for 
7 min (ADP) and for 10 min (collagen and thrombin) after 
stimulation with these agents. The extent of aggregation was 
expressed as a percentage of the maximum light transmit tance, 
obtained with the suspension buffer (washed platelet aggrega- 
tion) or PPP (PRP aggregation). Platelet shape change was 
determined using an aggregometer, PAM-6C according to the 
method by Michal & Molamed (1976), and was estimated 
quantitatively by measuring the maximum height above 
baseline level 

Arteriovenous shunt thrombosis model 

The ability of test agents to prevent thrombus formation was 
assessed using an arlcrio-venous shunt model originally 
described by Umetsu & Sanai (1978) with slight mod incaf ions. 
After anaesthesia with pentobarbital sodium (40 mg leg-', 
i.p,), the jugular vein and contralateral carotid artery of rats 
were exposed and they were cannula led with a polyethylene 
cannula which contains a silk thread in its lumen and is filled 
with heparin solution (30 unit kg~% Blood circulation was 
started through the cannula allowing thrombus formation to 
occur on the silk thread. After a 30 min circulation, the 
cannula tube was removed and the silk thread was weighed. 
The weight of thrombus formed on the thread was calculated 
by deducting the wet weight of an equivalent length of the 
Standard thread. Drugs or vehicle were administered 4 h 
before starting blood flow. 
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Bleeding time 

The tail transection bleeding time was determined by the 
method of Dcjana et (1979). The test drugs were orally 
administered 4 h before the tail transection. Under anaesthesia 
with pentobarbital (40 pig kg- 1 , i.p,), the rat tail was 
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transected at 4 mm from the tip by a scalpel, and the tail was 
immediately immersed into warmed (37*C) saline until blood 
flow stopped. Bleeding time was assessed as the time From the 
tail transection 10 the termination of blood flow, Bleeding 
times beyond 1 800 s were regarded as 1800 s for the purpose of 
statistical analysts. The BTj was defined as the dose that 
doubled the control bleeding time. 

Drugs and administration 

CS-747 (2-acetoxy-5-(oc-cyclopropylcarbonyI'2-fluorobcn2yl}* 
4A6 J-tetrahydrothicno [3,2-cJpyridineX R-99224 {(2ZHI-P- 
cyclopropyI4-(2-fluorophenyl) - 2 - oxoethylj -4*mercapto*3-pj- 
peridinyjidenej acetic acid, triftuoroacciale), and clopidogrel 
hydrogensufpbate (SR25990Q were synthesized by Ube 
Industries (Yamaguchi, Japan). Ticlopidine hydrochloride. 
ADP {sodium salt), human fibrinogen, fatty-acid-frec bovine 
serum albumin (BSA), 3»isobutyM*methyixanthine (1BMX), 
ethylenediaminetetraacetcc acid (EDTA), K^hydroxyleihyl- 
pipcr3zine-N'-2*ethanesuIphonic acid (HEPES), apyrase and 
gum arabic were purchased from Sigma (St. Louis, MO, 
U.S.A.). Collagen was from Nycomed (Munich, Germany), 
heparin (sodium salt) was from Fuso (Osaka, Japan). PGE, 
was from Funakoshi (Tokyo, Japan), and bovine thrombin 
was from Mochida (Tokyo, Japan). { 3 HJ-2-MeS-ADP (ammo- 
nium salt, specific activity 85 Ct mmoM) was obtained from 
Amersham (Buckinghamshire, U.K.), and 2-MeS-ADF (triso- 
dium salt) was obtained from Research Biochcmicals 
International (Natick, MA, IXS.A.), 

CS-747, clopidogrel, and ticlopidine were suspended in 5% 
gum arable solution at appropriate concentrations and orally 
administered to rats in a volume of I ml kg""' body weight. Ail 
experiments included the vehicle-treated control groups. In m 
vitro study. R-99224 and CS-747 were dissolved in DMSO, and 
added to the PRF; the final concentration of DMSO was 0,4%. 

Statistics 

Results were expressed as mean* s,c.mean. Approximate 
estimate of the ED« and BT* values were calculated from 
linear-regression analysis. Dunnett's test for multiple compar- 
ison was used to determine significance or differences between 
mean values within groups. A P value of less than O.flS was 
considered statistically significant. 



Results 



even at a dose of CS-747 as high as 10 mg kg* 1 , Orally 
administered clopidogrel also showed similar partial inhibition 
of pHJ-2-MeS-ADP binding to rat platelets, but clopidogrel 
was about ten limes less potent than CS-747 (Figure 2)« 

Cyclic AMP levels in platelets 

Since ADP inhibits adcnylyl cyclase via activation of G t 
protein (Defreyri el el, 1991; Ohimann et at, 3995), we 
examined the ex vivo effects of CS-747 on ADP-mcdiated 
suppression of PGErinduced cyclic AMP elevation. An 
addition of PGE, (10 ^m) produced a progressive increase of 
intraplatelet cyclic AMP levels, indicating the activation of 
adenylyl cyclase. The elevated cyclic AMP levels were 
suppressed by ADP (10 ^M) added 3 min after PGE t 
stimulation. As shown in Figure 3, the inhibitory effect of 
ADP (10 /iM) on elevated cyclic AMP levels was inhibited 
substantially in platelets from CS-747 {3 mg kg- 1 , p.o> 
treated rats. There was no difference |n the basal cyclic AMP 
levels between G3-747^treatied (0.39 ±0.1 5 nmol 10* plate- 
lets'" 1 , n**5) and vehicle-treated platelets (0.37 ± 0.06 nmot 
iO 9 platelets" 1 , yi- 5). 

Ex vivo and in vitro platekt aggregation 

Washed platelets To eliminate possible fibrin production 
induced by thrombin, experiments to test agonist selectivity 
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Flgur* 2 Ex vivo effects of CS-747 on specific l J Hl-2-McS-ADP 
binding ta rat washed platelets. CS^747 (0,3-10 mg kg" 1 ) and 
clopidogftl (3-lt^lmgkg" 1 ) were orally administered to rats 4 h 
before blood collection. Results are expressed as the mean+s.cmean 
(rt«6). */><0.0S, «i><0.01 vs control. 



[*H]-2-MeS-ADP binding 

Preliminary studies showed that pHj-2-MeS- A Dp binding to 
rat platelets was time-related and saturable, with an apparent 
equilibrium dissociation constant (ICd) of 2.37±Q,27 nM and a 
total number of receptor sites (B^) of iS0.2£ 13.8 fmot 10* 
platelets-' (n«4). In vitro treatment with CS-747 (100 and 
300 nH) had no effects on { 3 H]-2-MeS-AQP binding to the 
washed platelets of rats (data not shown). 

Bx vivo effects of CS-747 (0,3-10 mg kg" 1 , p.o.) and 
clopidogrel (3- 100 mg kg"', p.o.) on pHJ-2-McS-ADP 
{10 nM) binding to rat platelets were examined 4 h after 
dosing. After 30 min incubation, the specific pHJ*2-McS-ADP 
binding to platelets from vehicle-treated control rats was 
J34,4± t5.2 fmol I0 B platelets^ (/t = 6). As shown in Figure 2, 
pH]-2-MeS-ADP binding was significantly (J><0.0!) de- 
creased in platelets from rats given CS-747 (I-tOrng kg" 1 , 
p.o.). But the inhibition remained partial (approximately 43%) 
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Figure 3 Ex tiyo effects of CS-747 on ADP (10 ^induced cyclic 
AMP decrease in PGEi (10 /*M)-stimulaied rat platelets, CS-747 
(Jmgfcg" 1 ) was orally admimsiered to rats 4 h before blood 
collection. Results are expressed as the mean±s.e.mean (rj™5). 
V<0.05, • V <0.0I vs control 
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was performed using washed platelets, A single oral 
administration of CS-747 (0.3 and 3 mg kg" 1 ) produced a 
dose-related inhibtcion of ADP (G.3-30 f<M)-induccd e* vivo 
aggregation in washed platelets (Figure 4A). Collagen (03- 
3 /Jg rol^-induccd aggregation was also inhibited by CS*747 
administration its a dose-related manner {Figure 4B), In 
contrast, CS-747 moderately inhibited platelet aggregation 
induced by a low concentration of thrombin (0,06 unit ml' 1 ), 
but not that by high concentrations of thrombin (0.1 and 6,3 
unit ml"') (Figure 4Q. Apyrase (03 and 3 IU ml^^ also 
inhibited platelet aggregation induced by ADP (30 pM) and 
collagen (3 ^gml-'), but not by thrombin (0.3 unit ml-'} 
(data not shown). 




0.03 0-06 0.1 0,3, 
Thrombin (unit mM) 



Figure 4 Ex vivo effects of single administration of CS-747 on 
washed platelet aggregation induced by ADP (A)> collagen (B), and 
thrombin (C) in rats. CS-747 was orally administered once to rats at 
doses of 0.3 and 3 mg leg" 1 . The aggregation was measured A h after 
the dosing. Results are presented as the mean ±s«e.mean (/i«6> 
**/*<0.0J vs control (vchiclc-treated group). 



Piaiettt-rich plasma (PR?) PRP was prepared from rats 
administered with a single dose of CS-747 (0.3-3 mg kg~*, 
p.o.). Figure 5 shows the ex vim effects of CS-747 on a 
concentration-aggregation curve for ADP determined at 4 h 
post-dose. We also investigated the antiaggregatory effects of 
clopidogrel and ticlopidinc, two existing platelet ADP receptor 
inhibitors. A single oral administration of clopidogrel (3- 
30 mg kg-') caused a dose-related inhibition of AOP-induced 
aggregation, but the inhibitory effects of ticlopidinc £30- 
300 mg kfT*) were minimal. Table 1 summarizes ED* values 
for CS-747 (1,2 rug kg** 1 ), clopidogrel (16 mg kg" 1 ) and 
ticlopidine (>300 mg Jcg^) against ADP (3 ^induced 
platelet aggregation determined at 4h post-dose. Typical 
tracing of platelet aggregation induced by ADP (3 #M) in PRP 
from rats treated with CS-747 is shown in Figure 6, As can be 
seen, CS-747 (1 and 3 mg kg*"', p,o.) suppressed the maximum 
extent of platelet aggregation in a dose^related maimer Similar 
effects on platelet aggregation were obtained with clopidogrel 
and ticlopidine (data not shown). 
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FJgure 5 Ex viva effects , of single, administration of CS-747 (A), 
clopidogrel (B), and ticlopidine (Q on ADP-indueed platelet 
aggregation in rats. The aggregation in PRP was measured 4 h after 
the oral dosing. Results arc presented as the mean+s f c.mcan (rt»6). 
*P<QA5, **P<0M vs control (vehicle-treated group). 



Table 1 Comparison of antiplatelet, antithrombotic, and ami haemostatic effects of CS-747, cTopidogre} and ticlopidine 



££tAmh Aggregation. Bleeding ton* 

A ** m < ED »av) (ED^c) (BT2) (EDjOAv/BTa) (ED^c/ST,) 

CS-747 06S l:2 0.50 1,4 2A 

aop.dogrel 62 }& 4.6 |J- 3 j 

TOopidine >300 >30p 130 >1J >2.3 

Agents were orally administered w rats A h before tests. In platelet aggregation (AGG) and ihe artcrfo-venoas shunt thrombosis model 
(AY), tne EDjo values (mg kg ) are doses at which the agents inhibit plaielet aggregation and thrombus formation by 5Q%. 
respectively, BT* values (mg kg"" 1 ) arc doses at which the agents double the control bleeding time (BT). 
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We also determined thai in vUrc effect of R-99224, a 
metabolite for CS-747, on ADP (lO^MHnduced platelet 
aggregation in rat PRP> Figure 6 shows typical charges in 
ADP induced aggregation tracing at different concentration 
of R-99224, Note that the ex vivo effects of CS-747 and in 
viito effect or R-99224 on aggregation were similar (Figure 
6). R-99224 (7,53-75.3 ;*m) produced a contentration- 
relattd inhibition of platelet aggregation with an IC& value 
of 44.? ^M. In contrast, CS-747 (30-300 /<m) showed 
minimal effects on in vitro rat platelet aggregation, and the 
maxima] inhibition at 300 jiM was 9.0 ±2,1% (the IC& value 

Time course study The time course of the anti-aggrcgatory 
effect of CS-747 (i-IO mg kg" 1 ) after a single oral dosing 
were examined in comparison with cfopidogrei (10- 
iOOmg kg-'X As shown bi Figure 7A> a more than 80% 



inhibition was observed in CS-747 (JO mg kg~ r , p.o.}-trea(cd 
rats at 0,5 h after dosing. At this time, cldpidogrel exhibited 
minimal inhibition even at the highest dose used (100 mg kg" 1 , 
p.o.) (Figure 7B). The inhibitions of platelet aggregation by 
CS-747 (1-3 mg kg- 1 , p.o.) and clopidogre! (10-30 nig kg-\ 
p.o.) reached a plateau within 2 and 4 h post-dose, 
respectively. The inhibition of platelet aggregation by CS-747 
was of long duration: a slight but significant inhibition was 
observed at 72 h post-dose in the CS-747-treated rats (Figure 
7A). At % h posl-dose there were no differences in platelet 
aggregation between the control and CS*747-trcated groups. 
The Jong duration of antiaggregatory effects was also observed 
in the clopidogrel-treatcd animais (Figure 7B). The ex vivo 
effects of CS-747 on ADP (0,03 - 1 i*M>mduced platelet shape 
changes were determined at 4 h post-dose. Orally administered 
CS-747 (1 and 3 mg kg" 1 , p.o.) did not significantly affect 
ADP-induccd shape changes (data not shown). 



Control CS-747 




Figure 6 Representative aggregometer tracing showing the ex 
induced platelet aggregation in rat PRP, CS-747 (1 and 3 mg 
R-99224 (7J3-73.3 pM) inhibited 10 aim ADP^induccd aggreg 




fw effect of CS-747 (A) and to vitro effect of R-99224 (B) on ADP- 
g~ * p.o.) inhibited ADP (1-30 ^-induced platelet aggregation. 
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Antithrombotic effects in a rat arteriovenous shunt 
model 

A remodel of arteriovenous shynt (Umctsu & Sanai, 1978; 
Sugidacht et al t \ 993) was used io examine the antithrombotic 
effects of CS-747 in comparison with those of clopidogre) and 
ticlopidine (Figure 8). After a 30 mm circulation of blood 
through thecanula, the weights of the thrombus formed on the 
siik thread were not different among the three control groups. 
In the CS-747 (0,1-3 mg kg* 1 , p.o.) groups, thrombus 
formation was decreased in a dose-related manner^ and the 
EDja value was estimated as 0,68 mgkg"', Clopidogrel (I- 
30 mg kg~\ p + o.) also decreased thrombus weight in a dose* 
related manner, with an estimated ED*> value of 6.2 mg kg""\ 
Ticlopidine (10-300 mg P-o.) produced a significant 
decrease of thrombus weight, but the ED& value was not 
obtained (>300 mg kg* 1 ) since the maximum inhibition was 
Jess than 40%. 

Bleeding lime 

Rat tall transection bleeding lime (Dejaha et aL f 1979; 
Sugidacbi el al t 1993} was measured to determine anlihaemo- 
static effects of CS-747 in companson to those of clopidogrel 




0 0.1 0,3 1 3 
CS-747 {mg kg-', p.o) 
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0 tO 30 100 300 
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Figure S Effects of single administration of CS-747 (A), clopidogrel 
(B), and ticlopidine (Q on the arteric-venoua shunt thrombosis 
model in rats, Blood circulation was started 4 h after the oral 
administration of the agents. Results art presented as the meant 
s.e.me»n (*«6). *^<0.0S f ♦•P<0.0I vs control (vehicle-treated 
group). 



and ticlopidine. The bleeding time averaged 446±16 s (««7) 
in the vehicle-treated control group. All the drugs tested 
prolonged bleeding time in a dose-related manner (Figure 9), 
The BTj values of CS-747, clopidogrel, and ticlopidine were 
0,50, 4,6, and 130 mg kg~ r (p.o.), respectively, To evaluate the 
efficacy and safety of these agents, the ratios of ED W for 
antiplatelet (ED m ^) and antithrombotic (EOjoav) potencies 
to BT 2 values were calculated for each agent (Tabic 1), 



Discussion 

The results of this study demonstrated that CS-747 was a 
potent inhibitor of the G^linked P2T receptor ex vivo. 
Through this work, we showed that the inhibition of G r J inked 
P2T receptor with CS-747 produced a specific and dose-related 
inhibition of ex vivo ADP-induced platelet aggregation which 
developed rapidly and lasted for a long period of time. CS-747 
had potent antithrombotic effects in a rat model of arterial 
thrombosis, and antihaemostatic action in the rat bleeding- 
lime assay, In contrast to these potent ex vivo and in vivo 
activities, CS-747 was inactive in vitro. R-99224, an in vivo 
metabolite of CS-747, however, produced a concentration* 
related inhibition of in vitro PRP aggregation, thus, as in the 
case of clopidogrel and ticlopidine, in vivo activities of CS-747 
are attributed to its active metabolite, 

2-McS-ADP is a stable agonist for P2Y t and G r linked P2T 
receptor (Kunapuli, 1995a t b). A single oral administration of 
CS-747 produced a significant but partial inhibition (about 
43% inhibition at 10 mg kg- 1 ) of ( J H]-2-MeS-ADF binding to 
platelets in the ex vivo study (Figure 2). Clopidogrel 
(100 mg kg- 1 ) also showed similar partial inhibition of [ S HJ- 
2-MeS-ADP binding. This agreed wilh the previous findings 
that clopidogrel and ticlopidine produced partial inhibition of 
[ J HJ-2-MeS-ADP binding to platelets (Savi et a/., 1994a; 
Gachet et aL> 1995), although the extent of maximal inhibition 
(%) was greater than our present study (approximately 70% vs 
45%). This difference in maximal inhibition between the 
present study and the aforementioned studies may involve the 
use of different gender of rats or different technique of 
separation of the radioligand* 

Recent studies have demonstrated that the platelet ADP 
receptor is not homogeneous. In addition to the ligand-gated 
ion channel P2X, receptor (MacKcnzie et oL 1996), two 
subclasses of G-protein-couplcd ADP receptors have been 
proposed to exist on human platelet membranes: the G q -Iinked 
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Figure 9 Effect* of single administration of CS-747, clopidogrel. and 
ticlopidine on tail transection bleeding lime in rats. Agents were 
orally administered to racs 4 h before the tail transection. Results arc 
^pressed as the inean±s.e,mcan <k»7). *+P<Qm vs control 
(vehicle-treated group). 
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P2Yj receptor and 3 G r ljnked P2T receptor (Fagura et at,* 
1998; Daniel et cL !99g; Jantzcn if/ < 1998)- Hie O r tiiikcd 
P2T receptor has also been suggested to exist in platelets in the 
ml and the rabbit (Defreyn *r < 1991; Savi er <z/ n 1996). 
indeed, pur present study confirmed that ADP towers cyclic 
AMP concentration in rat platelets stimulated with PGE| T an 
activator of adcnylyl cyclase, and that CS*747 treatment 
inhibited this effect (Figure 3). In addition, CS-747 did not 
affect PSYrrncdialed platelet shape change. These results 
suggest that metabolites of CS^747 selectively interfere with the 
G*-linkcd P2T receptor on rat platelet membranes. 

Treatment with CS-747 inhibited ex vivo washed platelet 
aggregation in response to ADP but not to thrombin (Figure 
4). This is consistent with the hypothesis that the antiag- 
gregalive action of CS-747 is due to its specific inhibition of the 
Oi'h'nked P2T receptor rather than its interference with the 
fibrinogen receptors. Nonetheless, collagen-induced aggrega- 
tion was inhibited by CS-747, but this may be interpreted on 
the basis of previous studies demonstrating that platelet- 
derived ADP plays a. major role in collagen-induced 
aggregation of rat platelets (Wey et < 1982; Tschopp & 
Zucker, 1972; Emms & Lewis, 19S6). Indeed, apyrase, an ADP 
scavenger, has similar inhibitory profile on rat washed platelet 
aggregation. Hence, the inhibition of collagen-induced 
aggregation by CS-747 is most probably attributed to 
inhibition of the effects of ADP released from the dense 
granules of collagen-stimulated platelets. 

The present study showed that CS-747 possesses an 
antiaggregatory efficacy approximately ten times more potent 
than that of clopidogrel (Figures 5 and 7). In sharp contrast, 
a single administration of ticlopidine caused minimal 
inhibition of platelet aggregation. This is in agreement with 
previous studies demonstrating clear antiaggregative effects of 
ticlopidine only after repeated administrations in humans 
(McTavish et al, 1990). In addition, the time course study 
showed that CS^747 (10 mg kg- 1 ) had a more rapid onset 
(<<X5 h) of antiaggregatory action than clopidogrel (Figure 
7). The rapid onset of CS-747 was observed not only In rats 
but in various species including human (unpublished data). 
Although the precise mechanism responsible for the rapid 
onset of CS-747 remains to be elucidated, one possible 
explanation is that CS-747 may be more rapidly metabolized 
to its active metabolite in vivo. Tictopidinc and clopidogrel, 
which are inactive in vitro, reportedly must undergo hepatic 
metabolism to become active (Savi et ctl. t 1992), and it has 
been suggested that the metabolic activation of clopidogrel 
involves the cytochrome P45G-1A subfamily (Savi et al, 
1994b). Further study is necessary to determine the metabolic 
pathways of CS-747, but the agent is speculated, based on its 
chemical structure, to generate active metabolites more 
readily than clopidogrel. 

The time course study also showed that CS-747 had a long 
duration of antiaggregatory action, In fact, the durations of 
inhibition of platelet aggregation by CS-747 and clopidogrel in 
this study were comparable to the life span of circulating 
platelets in the rat (CaUanco et aL t 1935; Jackson et a/., 1992). 
In addition, the antiaggregatory effects of CS-747 observed in 
washed platelets were not easily reversed by washing of 
platelets. Hence, it is likely that CS-747 inhibits platelet 
aggregation in an irreversible manner. Taken together, these 
results suggest that the active metabolite of CS-747 exerts 
antiaggregatory action through an irreversible modification of 
the Gj-Jinked P2T receptor on the membrane surface. Further 
studies are now underway to investigate the fa vitro interaction 
between an active metabolite or CS-747 and platelet ADP 
receptors. 



Several lines of evidence suggest that in vivo antiplatelet 
effects of thtcnopyWdine derivatives are due to their active 
metaboiiiefs) as described above. But the active metabolites 
have not yet been reported so far. In contrast, Weber et at, 
(1999) reported that incubation of washed platelets with 
clopidogrel resulted in inhibition of ADP-tnduccd in. vitro 
platelet aggregation without hepatic bioacttyatfon. This report 
also showed that clopidogrel did not show any inhibition of in 
vitro aggregation in PRP. Our present study confirmed that 
CS 747 did not show any inhibition of ADP-mduced PRP 
aggregation. The present results, however, showed that R- 
99224, an in vivo metabolite for CS-747, inhibits ADP-mduced 
in vitro platelet aggregation in the presence of plasma (Figure 
£), Our preliminary results also have shown that R-99224 
shows more potent antiaggregatory activity in washed 
platelets. To our knowledge, this is the first report that 
described the active metabolite for thienopyridine derivatives, 
Taken together* the inhibitory effects of CS-747 on platelet 
aggregation are. at least in part, likely to depend on its active 
metabolite, R-99224. 

A rat model of arteriovenous shunt thrombosis has been 
extensively studied and used to examine antithrombotic effects 
of various agents (Maffrand et al % 1988; Herbert et aL, 1996; 
Odawara etal, 1996). In this model, CS-747 showed a potent 
antithrombotic efficacy that exceeds the potencies of clopidc- 
gret and ticlopidine. The order of antithrombotic potencies 
among these agents was the same as the order of 
antiaggregatory potencies (Figure 8). In addition, CS^747 was 
devoid of in vitro and ex vivo anticoagulant or fibrinolytic 
activities (data not shown). Thus, the available data support 
the view that CS-747 exerts its antithrombotic effects by 
inhibiting the interaction between ADP and its receptors on 
the platelet membrane. 

In this study, CS-747, clopidogrel, and ticlopidine all 
showed a significant and dose^relatcd prolongation of the rat 
tail transection bleeding time (Figure 9). The order of the 
antihaemostatic potency among these agents was the same as 
the order of antiplatelet and antithrombotic potencies. In 
addition, the ratios of antithrombotic dose (ED WAV ) and 
antiaggregatory dose (ED^acc) to antihaemostatic dose (BTj) 
for CS-747 and clopidogrel were approximately the same 
(Table i). From these comparative studies, CS-747 and 
clopidogrel may have a similar ratio of benefit/bleeding risk. 
This might be clinically important, since clopidogrel is 
clinically available and its benefit/bleeding risk ratio has been 
identified in a large clinical study (CAPR1E Steering 
Committee, 1996). It should be noted that a single 
administration or ticlopidine produced a marked prolongation 
of bleeding time, whereas the same dose ranges of this agent 
exerted only mild to moderate antiplatelet and antithrombotic 
actions. Taken together, these results suggest that CS-747 is a 
potent antithrombotic and antiplatelet agent with relatively 
moderate antihaemostatic potency, but this remains to be 
proven in future clinical studies. 

The present study demonstrated that CS-747 is orally active 
and produces a potent antiplatelet and antithrombotic action 
with a rapid onset and long duration via platelet ADP 
receptors antagonism. CS-747 merits clinical evaluation in a 
variety of thrombotic diseases. 
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Summary. Adenosine diphosphate (ADP) is an important 
platelet agonist and ADP released from platelet dense 
granules amplifies responses to other agonists. There are 
three known subtypes of ADP receptor on platelets: P2X lr 
P2Yi and P 2 t receptors. Sustained ADP-induced aggrega- 
tion requires co-activation of P2Yi and P 2T receptors. AR- 
C69931MX, a selective P 2T receptor antagonist and novel 
antithrombotic agent, was studied to characterize further 
the function of the P 2 r receptor. The roles of the P2Yi 
receptor and thromboxane A 2 were assessed using the 
selective P2Y X antagonist A2P5P and aspirin respectively 
Aggregation was measured by whole blood single-platelet 
counting and platelet-rich plasma turbidimetry using 
hirudin anticoagulation. Dense granule release was esti- 
mated using [ 14 C]-5-hydroxytryptamine (HT)-labelled plate- 
lets. Ca 2+ mobilization, P-selectin expression, Annexin V 



binding and microparticle formation were determined by 
flow cytometry. P 2 t receptor activation amplified ADP- 
induced aggregation initiated by the P2Yi receptor, as well 
as amplifying aggregation, secretion and procoagulant 
responses induced by other agonists, including U46619, 
thrombin receptor-activating peptide (TRAP) and collagen, 
independent of thromboxane A 2 synthesis, which played a 
more peripheral role. P 2r receptor activation sustained 
elevated cytosolic Ca 2+ induced by other pathways. These 
studies indicate that the F 2T receptor plays a central role in 
amplifying platelet responses and demonstrate the clinical 
potential of P 2 t receptor antagonists. 



Keywords: platelet activation, P2 receptors, anti-platelet 
drug, platelet secretion, calcium. 



Adenosine diphosphate (ADP) activates platelets by binding 
to purinoceptors on the platelet surface and, in contrast to 
purinoceptors on other cell types, adenosine triphosphate 
(ATP) is a competitive antagonist for this process (Gachet 
et al, 1996). Current evidence suggests that there are three 
types of ADP receptor on platelet surfaces, classified as 
P2X 1( P2Yi and P 2T (P2T AC or P2Y ADP ) receptors (MacKenzie 
et al, 1996; Daniel et al 1998; Fagura e£ al, 1998; Geiger 
et al 1998; Jin et al 1998; Jantzen e£ al, 1999 Leon et al 
1999). Both the P2X : and the P2Yj receptors, but not the 
P 2r receptor, have been cloned (Jin et al 1998; Sun et al 
1998). The P 2T receptor has been characterized pharmaco- 
logically, using selective antagonists, as the receptor linked, 
via Gi, to inhibition of adenylate cyclase, mediating a fall in 
the cyclic AMP level in response to ADP (Mills & Smith, 
1972; Daniel et al 1998; Jin et al 1998; Savi et d t 1998; 
Jantzen et al 1999). Studies of a patient with ADP receptor 
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deficiency support the concept that the P 2T receptor is a 
single, distinct receptor subtype (Leon et al 1999). Co- 
activation of both the P2Yi and the P 2r receptors (G-protein 
coupled receptors) is required for platelet aggregation to 
occur, as detected by turbidimetry (Jin & Kunapuli, 1998), 
The P2Xj receptor (a ligand-gated ion channel), which is 
selectively activated by ap-methylene ATP, mediates rapid 
transient Ca 2 * influx, but has not been found to contribute 
to platelet aggregation (MacKenzie et al 1996; Jin & 
Kunapuli, 1998; Kunapuli, 1998), The 1 P2Y 1 receptor 
activates phospholipase C (PLC), via Gq, and this accounts 
for most of the elevation in cytosolic Ca 2+ induced by ADP, 
via formation of IP 3 and release of Ca 2+ from intracellular 
stores (Daniel et al 1998; Leon et al 1999). 

ADP may be released from platelet dense granules, where 
it is stored in high concentration, or erythrocytes and 
endothelial cells (Gachet et al 1996). ADP released by 
platelets stimulated by other agonists, such as thrombin 
or collagen, amplifies aggregation and secretion responses 
induced by these agonists (Cattaneo et al 1991, 1997; 
Colman et al, 1994), 
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Analogues of ATP that bind specifically to the P 2 t 
receptor, including AR-C66096 and AR-C67085 (formerly 
ARL or FPL 66096 and ARL or FPL 67085 respectively) 
allow in vitro study of the function of the P 2 t receptor 
(Humphries et al 1994, 1995a, 1995b; Daniel et al 1998; 
Fagura et al 1998; Jin & Kunapuli, 1998; Jin et al 1998). 
Blockade of the P 2 r receptor with these agents abolishes the 
turbidimetric response to ADP (Jin & Kunapuli, 1998) and 
also renders aggregation induced by the thrombin receptor 
(PAR Inactivating peptide, TRAP, reversible (Trumel et al, 
1999), 

A more recent and related P 2 r receptor antagonist AR- 
C69931MX {rngall et al 1999), has been found to be a 
highly selective competitive antagonist at the P 2 t receptor 
(unpublished observations) and is currently being developed 
as an intravenous antithrombotic agent. We have used this 
agent to study the role of the P 2T receptor in platelet 
aggregation and secretion, as well as its role in TRAP- 
induced procoagulant activity, as determined by platelet 
microparticle formation and Annexin V binding (Dachary- 
Prigent et al 1993). We have related our findings to the role 
of thromboxane A 2 synthesis using aspirin. We have also 
assessed the effects of AR-C69931MX on agonist-induced 
rises in cytosolic Ca 2+ to explore further the mechanism 
whereby P 2T receptor activation achieves its effects. 

PATIENTS AND METHODS 

Materials, ADP, epinephrine, U46619 (a thromboxane 
A 2 mimetic), TRAP (SFLLRNPNDKYEPF), aspirin, platelet- 
activating factor (PAF; dissolved in 0-25% w/v human 
serum albumin), EGTA, probenecid and the P2Y 2 receptor 
antagonist adenosine-2,5-biphosphate (A2P5P) were from 
Sigma. Collagen and dextrose buffer were from Nycomed. 
Saline was 0-9% NaCl from Baxter. AR-C69931MX [N- 
(2-methylthioethyl)-2-(3,3,3-trinuoropropylthio)-5 J -adenylic 
acid, monoanhydride with dichloromethylenebisphosphonic 
acid] was provided by AstraZeneca R&D Charnwood, 
Loughborough, UK. Hirudin was recombinant desulphato- 
hirudin (Revasc), a gift from Novartis. 5-Hydroxytryptamine 
(5-HT) and [ 14 C]-5-HT (1-85 MBq/ml) were from Amer- 
sham International. Chlorimipramine hydrochloride was 
from Novartis. Scintillation fluid was from BDH Lab- 
oratories Supplies. Fixative solution consisted of saline 
with 4-6 mmol/1 sodium EDTA, 4-5 mmol/I Na 2 HP0 4 . 

1- 6 mmol/1 KH 2 P0 4 and 0-16% w/v formaldehyde, pH 7-4. 
Flow cytometry was performed using a FACScan flow 

cytometer (Becton Dickinson), with light scatter and 
fluorescence channels set at logarithmic gain. Data were 
analysed using cellquest software. FIuo-3 AM from 
Molecular Probes (Oregon, USA) was prepared as a 
500 fxmol/1 solution in anhydrous dimethylsulphoxide 
(DMSO). CD62P-fluoroscein isothiocyanate (FPTC) anti- 
body, mouse immunoglobulin (Ig)G-FITC and anti-CD42a- 
RPE fluorescent antibodies were from Serotec. Annexin V- 
FITC was from Alexis Biochemicals, HEPES/Tyrodes (HT) 
buffer was 129 mmol/1 NaCl, 8*9 mmol/1 NaHC0 3 , 

2- 8 mmol/1 KCI, 0-8 mmol/I KH 2 P0 4 , 5-6 mmol/1 dextrose 
and 10 mmol/1 HEPES, pH 7*4, CaCl 2 *6H 2 0 was from Fisons. 



All concentrations given in subsequent sections are final 
concentrations in the reaction mixture. 

Preparation of blood and platelet-rich plasma (PRP). Blood 
was obtained from healthy volunteers using a 19G needle 
and plastic syringe. All volunteers denied taking any non- 
steroidal anti-inflammatory drug in the previous 2 weeks. 
Aliquots of blood (9 ml) were transferred to polystyrene 
tubes containing anticoagulant. Hirudin (50 |xg/ml; 900 
anti-IIa units/ ml) was mainly used as an anticoagulant to 
maintain physiological Ca 2+ levels and avoid the artefactual 
enhancement of thromboxane A 2 synthesis that occurs in 
medium containing low Ca 2+ levels, such as citrate 
(Mustard et al 1975; Heptinstall & Mulley, 1977; Lages & 
Weiss, 1981; Packham et al 1989), In some experiments, 
after an initial blood sample, healthy volunteers ingested 
aspirin 600 mg (UniChem) and further blood was vene- 
sected 2*5 h later for repeat analysis. Alternatively, in vitro 
aspirin 100 u.mol/1 was included with the anticoagulant. 
Trisodium citrate dihydrate (3-13% w/v; TCD) (1:9 TCD/ 
blood) was used as an anticoagulant in some experiments 
for comparison with hirudin. For the release reaction 
experiments, [ 14 C]-5-HT (0-521 [xmol/1; 1-11 kBq/ml) was 
added to the anticoagulant (for uptake by platelets). For 
whole blood studies, the tubes were incubated at 3 7°C in a 
waterbath for a standard 30 min period before experimen- 
tation. PRP was prepared by centrifugation of blood at 
180 3 for 10 min and removal of the supernatant PRP. 
Platelet-poor plasma (PPP) was prepared by centrifugation 
of the remaining blood at 1500 g for 10 min and removal of 
the supernatant PPP. Platelet counts were performed on the 
PRP and the latter was diluted with PPP to obtain a final 
platelet count of 300 x 10 9 /1. PRP turbidimetry was 
performed using a BioData PAP-4 aggregometer. 

Platelet aggregation in whole blood. Platelet aggregation 
studies were performed with whole blood using the single- 
platelet counting technique (Fox et al 1982; Storey et al 
1998), Aliquots (460 ul) of blood were placed in polystyr- 
ene tubes with a magnetic stirrer bar and 20 jjlI of saline or 
AR-C69931MX or A2P5P was added. Samples were then 
stirred at 37°C (stirring speed 1000 r.p.m.) for 2 min. Blood 
(15 ul) was removed and fixed in 30 jjlI fixative to measure 
initial platelet count before addition of 20 fxl agonist or 
saline. Aliquots (15 jjlI) of blood were removed at different 
time points after addition of agonists, as referred to in the 
Results section, and fixed in 30 |xl fixative. Fixed samples 
were counted using the Ultra-Flo 100 platelet counter 
(Becton Dickinson) and percentage aggregation calculated 
as percentage loss of single platelets compared with baseline. 

The following agonists were assessed: ADP (0*3- 
100 |xmol/l), collagen (0*5-8 \L%/m\), U46619 (0*3- 
3 jxmol/1), epinephrine (10 ^umol/l), 5-HT (3-30 jxmol/1), 
PAF (0-1-1 umol/l), TRAP (3-30 ^mol/l) and ^-methy- 
lene ATP (100 jLimol/1). The effects of aspirin, alone or in 
combination with AR-C69931MX, were assessed for 
selected concentrations of agonists, as described in the 
Results section, using AR-C69931MX 100-1000 nmol/1 to 
cover the estimated therapeutic levels to be achieved 
clinically. 

P-selectin expression. Twenty microlitres of either saline or 
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AR-C69931MX 100, 300 or 1000 nmol/1 was added to 
460 jjlI whole blood incubated at 37°C. After 2 min, 20 pA 
agoaist was added (see Results section) without continuous 
stirring and an aliquot was removed at 4 min for fixing, as 
above. Unstimulated samples were used for baseline 
measurement. Samples were incubated with a saturating 
concentration of anti-CD62P for 20 min, washed and 
resuspended in FACSflow. Non-specific binding was deter- 
mined using mouse IgG-FITC antibody (an antibody of 
irrelevant specificity) in place of anti-CD 62 P. Samples were 
diluted in FACSflow and analysed by flow cytometry. A gate 
was applied to the platelet region and 2000 platelet events 
were collected, P-selectin expression was determined as the 
median fluorescence of the entire platelet population and 
results were expressed as an increase over baseline values. 

[ 14 C]-5-HT release, 5-HT release was determined by a 
previously validated method (Heptinstall et al 1980). 
Twenty microlitres of saline or AR-C69931MX and 20 ul 
chlorimipramine {1 |xmol/l; to prevent 5-HT reuptake) were 
added to 440 ul blood containing [ 14 C]-5-HT-labelIed 
platelets and the sample was incubated at 37°C for 2 min. 
Agonist (20 u>l) was then added and samples were stirred for 
4 min. The reaction was terminated by placing on ice, as 
well as adding 50 ul of aspirin (1*26 mmol/1). Samples were 
centrifuged at 1500 g for 10 min and duplicate 50-fil 
samples of the supernatant plasma were placed in separate 
scintillation tubes that were then filled with scintillation 
fluid, capped and mixed. Sample radioactivity was counted 
in a scintillation counter. One hundred per cent release was 
estimated using duplicate 50-puul samples of a saline solution 
of [ 14 C]-5-HT at the same concentration as that added to the 
whole blood sample, with adjustment of the results 
according to the packed cell volume of the blood sample 
to derive the initial plasma [ 14 C]-5-HT concentration. 

Mkroparticle formation and Annexin V binding. Micro- 
particle formation and Annexin V binding induced by TRAP 
20 p,mol/l were measured in PRP with simultaneous turbidi- 
metry. Aspirin (100 jj-mol/l) was included with the anti- 
coagulant in some tubes. Saline or AR-C69931MX (20 u-1) 
(10-1000 nmol/1) was added to 460 ul PRP and the samples 
were warmed for 1 min, then stirred for 1 min with assessment 
of baseline light transmittance. TRAP (20 jjlI) (20 p,mot/l)was 
then added and change in light transmittance was assessed for 
4 min. At 4 min, 1 5 jjlI PRP was removed and added to 30 jj.1 
HT buffer 4- 5 julI Annexin V-FITC 4- 5 |xlCaCI 2 (100 mmol/ 
1, final concentration 10 mmol/1) + 5 ul anti-CD42a-RPE. 
Anti-CD42a was used as a platelet membrane marker to gate 
out any artefact. Unstimulated PRP was used for a baseline 
measurement. Samples were incubated in the dark for 10 min 
at room temperature, then 1 ml HT buffer was added and 
samples were analysed by flow cytometry. Events were acquired 
for 10 s. Microparticle formation was assessed by setting the 
marker for forward scatter to include 1% of events with the 
lowest forward scatter for the baseline sample. Annexin V 
binding was assessed by setting the marker for Annexin V- 
positive events to include 1% events for the baseline sample. 
These markers were then applied to other samples. The 
baseline values were subtracted from the results for stimu- 
lated samples. 
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Ca 2+ measurements, Aliquots (2 ml) of PRP were incubated 
with fluo-3 AM (5 [xmol/I) in the presence of probenecid 
(2*5 mmol/1) for 30 min at 37°C. Samples were then 
maintained at room temperature. Aliquots (10 jxl) of labelled 
PRP were added to 1 ml HT buffer at 37°C containing 
CaCl 2 -6H 2 0 (1 mmol/1) or EGTA (100 fimol/1), giving a 
1:100 dilution of PRE Aliquots (250 jjlI) of diluted PRP were 
then applied to the flow cytometer to measure the baseline 
fluorescence. A further 480- |xl aliquot was added to a tube 
containing ADP (0-3 jjLmol/1), TRAP (20 -xmol/I) or a 
combination of both agonists (to mimic the physiological 
effects of released ADP on the action of TRAP in undiluted 
PRP). The fluorescence of the sample was then measured after 
5, 15, 30, 60 and 120 s. The median fluorescence intensity 
was determined for each time point. 

Statistical analysis. Data were analysed using anova for 
repeated measures on SPSS software and significance 
assigned to P-values less than 0-O5. Data are expressed as 
means ± SEM, Correlation was measured using Excel 97 
polynomial trend analysis. 

RESULTS 

Roles of the purinoceptor subtypes in ADP-induced platelet 
aggregation 

The roles of the P2X lr P2Y X and P 2r receptors in ADP- 
induced aggregation were studied using whole blood single- 
platelet counting, which is sensitive to microaggregation, 
assessing the aggregation response to the selective ?2X 1 
agonist a.p-methylene ATP and inhibition of ADP-induced 
aggregation by the selective P2Yi and P 2 t antagonists 
A2P5P and AR-C69931MX respectively. ot,p-Methylene 
ATP, at concentrations up to 100 fxmol/1, did not induce 
even a transient aggregation response (including at 10 s 
after addition of this agonist), indicating that P2X X receptor 
activation alone is not sufficient to induce microaggrega- 
tion. This is consistent with previous reports that P2X 2 
receptor activation does not cause aggregation (Savi et al 
1997; Kunapuli, 1998). Typical effects of the P2Yi and P 2r 
antagonists are represented by a comprehensive study of the 
time-course of aggregation induced by ADP 0-3 (imol/I, 
assessing the effects of a wide range of concentrations of AR- 
C69931MX and A2P5P (Fig 1). AR-C69931MX, at increas- 
ing concentrations, reduced the extent of aggregation and 
reduced the time to peak aggregation, indicating that the 
?2T receptor sustains and amplifies ADP-induced aggrega- 
tion. There was a residual early aggregation peak at 10 s 
that was resistant to increasing concentrations of AR- 
C69931MX, despite the low concentration of ADP used. 
Further studies revealed that each donor had a threshold 
ADP concentration at which increasing concentrations 
of AR-C69931MX (up to an excessive concentration of 
100 (jtmol/l) failed to abolish this early aggregation 
response, indicating that P2Y A receptor activation alone is 
capable of producing a transient aggregation response. In 
contrast, A2P5P tended to flatten the aggregation response 
consistent with a progressive reduction in the proportion of 
aggregating platelets with increasing concentrations of 
A2P5P. These observations are consistent with the P2Yi 



© 2000 Blackwell Science Ltd, British Journal of Hacmatology 110: 925-934 



928 R. E Storey et al 
100 . 




AR-C69931MX 
(nmol/L) 

» o 

_o_100 

10,000 



30 60 90 120 150 180 210 240 



100 




A2P5P 
(umol/L) 

_d-3 



300 



60 90 120 1 50 180 210 240 
Time (seconds) 

Fig 1. Inhibition of platelet aggregation induced by 0*3 u-mol/l 
ADP by (A) the P 2 r antagonist AR-C69931MX and (B) the P2Yj 
antagonist A2P5P, as assessed by whole blood single-platelet 
counting, illustrating different effects of the antagonists on the 
initial aggregation response (n = 6). Note that in (A) the effects of 
1000 and 10 000 nmol/1 AR-C69931MX are superimposed, 
indicating saturation of the effects of P 2r receptor blockade. Results 
are means ± SEM. 



receptor initiating ADP-induced aggregation and the P 2 t 
receptor amplifying and sustaining this response, as sug- 
gested previously (Hechler et al 1998; Jarvis et al, 2000). 
Simultaneous PRP turbidimetry and single-platelet counting, 
as described previously (Storey ct al 1998) t showed that AR- 
C6993 1MX could abolish the turbidimetric response to ADP 
concentrations up to 10 [imol/1, but there remained a 
transient microaggregation response (mediated by the P2Yi 
receptor) that was detected by single-platelet counting but not 
by turbidimetry (data not shown). 

Both AR-C69931MX and A2P5P induced disaggregation 
of ADP-induced aggregates (Fig 2), indicating that contin- 
uous P 2 t an d receptor occupancy by ADP are required 
for sustained ADP-induced aggregation. 

Effects of AR-C69931MX and aspirin on platelet aggregation 
induced by different agonists 

The effects of AR-C6993 1MX and aspirin were compared to 
determine the relative contributions of P^r receptor activa- 
tion and thromboxane A 2 synthesis to platelet responses to 
different agonists, as well as to develop further a rationale 




0 0.5 4 4,5 5 6 
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Fig 2. Disaggregation of platelet aggregates induced by ADP 
10 ^mol/1 by addition of AR-C69931MX 1000 nmol/l (closed 
squares) and A2P5P 300 u.mol/1 (open squares) as indicated by 
arrow, compared with saline control (closed circles) after 4 min 
aggregation in whole blood, as assessed by single-platelet counting 
(n = 6). Results are means ± SEM. 

for the therapeutic use of AR-C69931MX, The effects of 
in vitro aspirin on aggregation and secretion were identical 
to the ex vivo effects of aspirin, therefore only the latter are 
illustrated. 

Figure 3 A illustrates the inhibition by aspirin and AR- 
C69931MX of aggregation induced by different agonists in 
hirudinized whole blood, determined at 4 min after addition 
of the agonist. AR-C69931MX inhibited ADP-induced 
aggregation in a concentration-dependent manner, whereas 
aspirin had no effect. Inhibition by AR-C69931MX of 
aggregation induced by agonists other than ADP was 
generally more pronounced at lower concentrations of 
agonist, as demonstrated by the lower concentrations of 
TRAP and collagen. Although there was not significant 
inhibition by AR-C69931MX of aggregation induced by 
U46619 1 jxmol/1, in other experiments aggregation 
induced by U46619 0-3 jxmol/I was inhibited by AR- 
C69931MX 100 nmol/1 (26-1% vs. 7-0%; P < 0-01). It 
was therefore clearly demonstrated that AR-C69931MX 
had a broad-spectrum inhibitory effect on aggregation 
induced by all agonists, reflecting inhibition of ? 2T receptor 
activation by released ADR Only when the concentration of 
some agonists was raised to a level sufficient to cause 
maximal aggregation in the absence of the contributory 
effects of P 2T receptor activation by released ADP did AR- 
C69931MX fail to show a significant inhibitory effect on 
aggregation. The effect of AR-C69931MX on PAF-induced 
aggregation was primarily to render aggregation substan- 
tially more reversible: maximal aggregation induced by 
1 u,mol/l PAF occurred at 30 s and 100 nmol/1 AR- 
C69931MX only reduced this from 83*9 ± 1-8% to 
77-3 ± 2-5%, whereas at 4 min, after disaggregation had 
occurred, aggregation was reduced from 54-4 ± 29-1% to 
8*5 ± 5-7% (P < 0-01). This suggests that P 2T receptor 
occupancy by ADP is necessary for the effects of PAF to be 
sustained, as well as those of ADR Aggregation induced by 
low concentrations of collagen and TRAP was also rendered 
more reversible by AR-C69931MX. 

Aspirin treatment yielded significant inhibition of aggre- 
gation induced by the lower concentration of collagen 
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Fig 3, Mean (A) percentage platelet aggre- 
gation (whole blood single-platelet count- 
ing), (B) percentage [ 14 C]-5-HT release and 
(C) P-seleclin expression (median fluores- 
cence units) before and after ingestion of 
600 mg aspirin with/without in vitro addi- 
tion of 100 nmol/1 AR-C69931MX 2 min 
before agonist (n = 6), Concentrations of 
agonists are as indicated either in fimol/l or, 
for collagen, in \Lg/ml Results are means 
± SEM. *P < 0-05 for effect of aspirin, 
effect of AR-C69931MX and interaction 
between AR-C69931MX and aspirin. 



(2 u.g/ml), but no significant inhibition of aggregation 
induced by ADP, 5-HT, PAF, TRAP, U46619 (at any 
concentration), 8 u.g/ml collagen or epinephrine. The combi- 
nation of aspirin and AR-C69931MX yielded synergistic 
inhibition of aggregation induced by collagen. 

[ 14 C]~5~RT release 

The effects of aspirin and AR-C69931MX in whole blood on 
[ 14 C]-5HT release (reflecting dense granule release) are 
shown in Fig 3B. Again, AR-C69931MX inhibited 5-HT 
release induced by all the agonists, markedly so in the case 
of U46619, demonstrating a central role for the P 2 t receptor 
in the amplification of platelet dense granule secretion. 



Inhibition of 5-HT release by AR-C69931MX was evident 
even when there was no inhibition of aggregation induced 
by stronger agonist stimulation, reflecting the fact that 
greater platelet activation is required for maximal secretion 
than for maximal aggregation. Aspirin only inhibited 5-HT 
release induced by collagen and had no effect on 5-HT 
release induced by the other agonists. When citrate, rather 
than hirudin, was used as the anticoagulant, ADP-induced 
5-HT release was enhanced, as previously described 
(Mustard et al 1975; Heptinstatl & Mulley, 1977; Lages & 
Weiss, 1981; Packham et al 1989), and this was then 
significantly inhibited by both aspirin and AR-C69931MX 
(data not shown). 
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P-selectin expression 

The effects of AR-C69931MX and aspirin in whole blood on 
P-selectin expression (reflecting alpha-granule release) are 
shown in Fig 3C. 5-HT and epinephrine did not induce 
significant P-selectin expression (data not shown). The 
lower concentrations of TRAP and collagen were not 
studied, Again, AR-C69931MX inhibited P-selectin expres- 
sion induced by all the agonists that produced a significant 
response and, again, there was dramatic inhibition by 
AR-C69931MX of the intensity of secretion induced by 
U46619. 

Aspirin inhibited P-selectin expression induced by col- 
lagen, but had no effect on P-selectin expression induced by 
ADR PAF, TRAP or U46619. When citrate was used as the 
anticoagulant, aspirin also weakly inhibited TRAP-induced 
P-selectin expression (P < 0-05). 

Effect of concentration of AR-C69931MX 
AR-C69931MX inhibited ADP-induced aggregation and 
secretion in a concentration-dependent manner. Whole 
blood concentrations of AR-C69931MX up to 100 nmol/1 
inhibited aggregation and secretion induced by other 
agonists in a concentration-dependent manner, but there 
was little or no significant difference between the effects of 
100 nmol/1 AR-C69931MX and 1000 nmol/1 AR- 
C69931MX on aggregation, P-selectin expression or 5-HT 
release induced by agonists other than ADR indicating a 
potent yet saturable effect of AR-C69931MX on responses to 
these agonists (data not shown). The most significant 
difference was seen for collagen-induced responses, e,g, 
[ 14 C]-5-HT release induced by 2 |xg/ml collagen was reduced 
from 34-0 ± 4-5% to 17*1 ± 2-3% by 100 nmol/1 AR- 
C69931MX and to 14*3 ± 2-8% by 1000 nmol/1 AR- 
C69931MX (effect of AR-C69931MX concentration: 
P = 0 001). 

Microparticle formation and Annexin V binding 
The effects of aspirin and AR-C69931MX on microparticle 
formation and Annexin V binding induced by TRAP 
20 jimol/1 in PRP were assessed (Fig 4), with simultaneous 
turbidimetry (not shown). AR-C69931MX rendered TRAP- 
induced aggregation reversible, as shown for AR-C66096 
(Trumel et ah 1999), and inhibited microparticle formation 
and Annexin V binding in a concentration-dependent 
manner (P < 0-001), Concentrations of > 100 nmol/1 
AR-C69931MX completely reversed aggregation and abol- 
ished microparticle formation and Annexin V binding. 
There was a strong correlation between reversibility of 
TRAP-induced aggregation in the presence of AR- 
C69931MX and inhibition of these procoagulant responses 
(it 2 = 0-894, inhibition of Annexin V binding vs. inhibition 
of aggregation at 4 min). Aspirin, on the other hand, 
showed no significant effect on aggregation, microparticle 
formation or Annexin V binding. 

Ca 2 * measurements 

Data are presented as mean percentages of the maximum 
fluorescence obtained with the combination of ADP and 
TRAP as agonists (Fig 5). ADP evoked similar increases in 
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Fig 4* Inhibition of procoagulant activity by AR-C69931MX 
assessed by (A) microparticle formation and (B) Annexin V binding 
induced by 20 jxmol/1 TRAP after 4 min aggregation in platelet- 
rich plasma (n = 6). Closed circles represent control samples and 
open circles represent samples that have been incubated with 
100 p.mot/1 aspirin. Results are means ± SEM, 



cytosolic Ca + in the presence and absence of extracellular 
Ca 2+ and these were abolished by the P2Yi antagonist 
A2P5P, as previously described (Jin et ah 1998). AR- 
C69931MX had no significant effect on the initial rise in 
intracellular Ca 2+ but accelerated the decay of Ca 2+ , both in 
the presence and absence of extracellular Ca 2+ , indicating 
that the P 2 r receptor sustains elevated Ca 2+ induced by 
P2Yi receptor activation. TRAP induced only slightly 
greater increases in peak cytosolic Ca 2+ than ADP with a 
more sustained response, and these increases were not 
significantly affected by either A2P5P or AR-C69931MX. 
However, analyses were performed on PRP samples that had 
been diluted 100-fold, and this dilution would be expected to 
remove most of the effects of released ADR Therefore, to 
mimic the physiological effects of TRAP, the combination of 
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Fig 5. Cytosolic Ca measurements using 
fluo-3 AM-labelled platelets and 0*3 u.mal/1 
ADP (A and D), 20 |imol/l TRAP (B and E) 
or both agonists (C and F) in the presence 
(A-C) or absence (D-F) of extracellular 
Ca 2+ . The effects of 1000 nmol/1 
AR-C69931MX (closed squares) and 
300 jimol/1 A2P5P (open squares) were 
assessed in comparison with saline control 
(closed circles), as well as the combination 
of both antagonists (open circles, C and F 
only). Results are means ± SEM of three 
experiments and are expressed as a 
percentage of the maximum fluorescence 
obtained with ADP + TRAP. Maximum 
fluorescence was 87*9 ±13*0 and 
95-3 ± 15-1 fluorescence units in the 
presence and absence of extracellular 
calcium respectively. 



TRAP and ADP was studied. ADP added substantially to the 
initial increase in cytosolic Ca 2 * induced by TRAP and led 
to greater Ca 2 * levels over the 2-min period compared with 
TRAP alone, A2P5P attenuated this additional increase in 
peak Ca 2+ at 5 s, but failed to prevent a subsequent rise in 
Ca 2+ to levels achieved in the absence of A2P5P and had no 
effect on the slope of decay. In contrast, AR-C69931MX 
both attenuated the 5-s peak Ca 2+ level and accelerated the 
decay of cytosolic Ca 2+ in an identical fashion to its effects 
in the studies of ADP alone. The combination of A2P5P and 
AR-C69931MX restored the response to that seen with 
TRAP alone. Thus, P 2r receptor activation sustains elevated 
Ca 2+ levels induced by TRAP as well as by ?2Y l receptor 
activation. Removal of extracellular Ca 2 * by EGTA slightly 
enhanced the rate of decay of cytosolic Ca 2+ , but had 
no effect on the inhibitory profiles of A2P5P or AR- 
C69931MX. 

DISCUSSION 

Central role of the P 2 t receptor 

These studies demonstrate that the P 2r receptor plays a 
central role in the amplification of platelet aggregation, 
secretion and procoagulant activity induced by the whole 



range of natural agonists or their mimetics. We have also 
demonstrated an association between this role and the 
effects of the P 2 t receptor on cytosolic Ca 2+ levels that have 
been elevated by other receptor pathways. Considerable 
evidence has accumulated recently to support these 
findings: congenital deficiency of the P 2T receptor is 
associated with impaired dense granule release in response 
to ADP, U46619 and collagen (Nurden et al, 1995; Cattaneo 
et al 1997; Leon et al, 1999); the P 2r receptor antagonist 
AR-C66096 inhibits processes associated with platelet 
secretion, namely P-selectin expression induced by some 
radiographic contrast media (Heptinstall et al 1998) and 
aggregation and secretion induced by sera from patients 
with heparin-induced thrombocytopenia (Polgar et al 
1998); P 2r receptor activation has been previously shown 
to be necessary for sustained aggregation induced by TRAP, 
via stimulation of PI 3-kinase (Trumel et al, 1999); and 
several studies have shown that thienopyridines, which act 
on the P 2 r receptor, inhibit dense granule release induced by 
some agonists, including low concentrations of thrombin 
and platelet-activating factor, but not others, including 
collagen (Hardisty et al 1990; Cattaneo et al 1991; 
Heptinstall et al, 1995). The dramatic effects of AR- 
C69931MX on some responses, such as the secretion 
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response to the thromboxane A 2 mimetic U46619 or the 
procoagulant response to TRAP, show how crucial co- 
activation of the ?2T receptor by released ADP is for a full 
response to these agonists. Thus, ADP although a relatively 
weak agonist by itself, is a powerful co-factor in the 
responses to stronger agonists via activation of the P 2r 
receptor. 

Our studies of cytosolic Ca 2+ show how the ? 2 t receptor 
does not contribute to the initial rise in Ca 2+ induced by 
ADP, which is known to be mediated by the P2Yi and, to a 
lesser extent, P2Xi receptors. Studies in the presence of 
EGTA, which chelates extracellular Ca 2+ and therefore 
abolishes the effect of P2Xi receptor activation, showed little 
difference from those studies performed in the presence of 
Ca 2+ , indicating no significant contribution of the P2Xj 
receptor activation to the results obtained. We have shown 
how the ?2T receptor sustains the elevated cytosolic Ca 2 * 
induced not only by P2Y X receptor activation but also by 
PARI activation with TRAP. Studies of the effect of 
clopidogrel on Ca 2+ measurements using fura-2-Ioaded 
platelets showed no effect either on cytosolic Ca 2 * rises 
induced by ADP or on the subsequent decay of Ca 2+ 
(Hechler et al, 1998), reflecting either differences in 
methodology or incomplete P 2 r receptor blockade by 
clopidogrel. Similar to our findings, activation of the ct 2A - 
adrenergic receptor, which like the P 2r receptor is linked to 
Gi and inhibition of adenylate cyclase, has been shown to 
potentiate Ca 2+ release in response to stimuli such as 
thrombin (Keularts et al, 2000), The close association 
between cytosolic Ca 2 * and platelet aggregation and 
secretion is well established (Hawiger et al, 1994). There is 
also close association between cytosolic Ca 2+ and pro- 
coagulant changes in transbilayer lipid distributions as 
aminophospholipid translocase, which maintains phospho- 
lipid asymmetry, is inhibited by micromolar concentrations 
of Ca 2+ and lipid scramblase activity is Ca 2 * dependent 
(Zwaal & Schroit, 1997). Thus, maintenance of cytosolic 
Ca 2+ levels by P 2T receptor activation may at least partly 
explain the effects of AR-C69931MX on platelet aggrega- 
tion, secretion and procoagulant activity. The signalling 
pathways whereby P 2r receptor activation achieves these 
amplification effects are currently unclear and the relevance 
of cyclic AMP has not been established. 

Roles of the P 2 7fl?irf P2Y! receptors in ADP-induced aggregation 
The effects of specific P 2T and P2Yi antagonists on platelet 
microaggregation in response to ADP have not been 
previously demonstrated and these studies add further 
weight to previous observations on the relative contribution 
of the F 2 t and P2Yi receptors, Previously, it has been stated 
that both receptors are required for aggregation as assessed 
by turbidimetry, a measure of macro aggregation (Jin & 
Kunapuli, 1998). Using the more sensitive measure of 
single-platelet counting, we have shown that microaggrega- 
tion can occur when the P 2 r receptor is blocked: however, 
this aggregation is not sustained for sufficient time to allow 
the formation of macro aggregates, explaining why macro- 
aggregation is not detected by turbidimetry In contrast 
P2Yi receptor blockade is sufficient to abolish aggregation. 



Our findings concur with previous work suggesting that the 
P2Yi receptor initiates platelet aggregation, with the P 2T 
receptor playing a synergistic role (Hechler et al 1998; 
Jarvis et al 2000). The rapid disaggregatory effects of AR- 
C69931MX and A2P5P demonstrate how ADP-induced 
aggregation requires continued occupancy of both the P 2T 
and the P2Yi receptors by ADP and suggests that 
displacement of ADP from either receptor leads to deactiva- 
tion of GPIIb/IIIa complexes and release of fibrinogen. The 
mechanism by which this occurs warrants further study. 

Limitations of aspirin therapy and the potential role of P 2r 
receptor antagonists 

These studies demonstrate the limitations of aspirin therapy 
with regard to inhibition of platelet responses when studied 
at physiological divalent cation levels. Although it is clear 
that thromboxane A 2 is an important agonist in thrombotic 
disease and that inhibiting thromboxane A 2 production will 
reduce secretion and aggregation induced by this agonist (as 
mimicked in these studies by U46619), it is also clear that 
the majority of platelet responses remain intact despite 
aspirin treatment, Previous studies of aspirin have shown 
how in vitro lowering of the divalent cation level with citrate 
anticoagulation facilitates thromboxane A 2 production, 
particularly in response to ADP (Mustard et al 1975; 
Heptinstall & Mulley, 1977; Lages & Weiss, 1981; Packham 
et al 1989). This explains why the effects of aspirin appear 
more limited when physiological divalent cation levels are 
maintained in vitro by using a direct thrombin inhibitor 
such as hirudin. Our studies show how P 2T receptor 
antagonism yields much greater inhibition of platelet 
function than the relatively weak effects of aspirin. However, 
the additive effects of aspirin and AR-C69931MX on 
collagen-induced responses illustrate the rationale for 
using the combination of these two agents for anti-platelet 
therapy. 

The effects of AR-C69931MX on platelet secretion and 
procoagulant activity are important with regard to its 
potential role in the management of arterial thrombosis. 
Secreted ADP and 5-HT play an important role in recruiting 
platelets to arterial thrombosis, and 5-HT contributes to 
vasoconstriction and reduced arterial flow (Willerson et al 
1989), Procoagulant activity of activated platelets contri- 
butes to local thrombin generation and thrombin is another 
important soluble agonist that recruits platelets to arterial 
thrombi, as well as generating fibrin (Badimon & Badimon, 
1996). Platelet microparticles may also contribute to 
further activation of platelets, as well as to activation of 
monocytes and endothelial cells (Barry & FitzGerald, 1999). 
Thus, the effects of AR-C69931MX in vitro appear to 
support strongly further investigation of its use as an 
antithrombotic agent for managing arterial thrombosis. The 
first phase H study of AR-C69931MX in patients with acute 
coronary syndromes demonstrated that an infusion dose of 
4 jxg/kg/min achieves a mean plasma level equivalent to 
a plasma AR-C69931MX concentration of 484 nmoi/i 
(Storey et al, 1999), showing that the in vitro studies 
presented here are representative of the likely in vivo effects 
of this agent. 
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Thromboxane As is a positive feedback lipid mediator 
produced following platelet activation. The G q -coupled 
thromboxane A% receptor subtype, TPa, and G-coupled 
TP/3 subtype have been shown in human platelets. ADP- 
induced platelet aggregation requires concomitant sig- 
naling from two P2 receptor subtypes, P2Y1 and P2T ACt 
coupled to G q and G i5 respectively. We investigated 
whether the stable thromboxane A% mimetic, (15S)-hy- 
droxy-9,ll-epoxyrnethanoprosta-5£,13£-dienoic acid 
(U46619), also causes platelet aggregation by concomi- 
tant signaling through G Q and G iy through co-activation 
of TP« and TPp receptor subtypes. Here we report that 
secretion blockade with Ro 31-8220, a protein kinase G 
inhibitor, completely inhibited U46619-induced, but not 
ADP- or thrombin-induced, platelet aggregation. Ro 31- 
8220 had no effect on 1746619-induced intracellular cal- 
cium mobilization or platelet shape change. Further- 
more, U46619-induced intracellular calcium mobi- 
lization and shape change were unaffected by A3P5P, a 
P2Y1 receptor-selective antagonist, and/or cyprohepta- 
dine, a 5-hydroxytryptamine subtype 2A receptor antag- 
onist. Either Ro 31-8220 or AR-C66096, a P2T AC receptor 
selective antagonist, abolished 1146619-induced inhibi- 
tion of adenylyl cyclase. In addition, AR-C66096 drasti- 
cally inhibited U466 19 -mediated platelet aggregation, 
which was further inhibited by yohimbine, an o^-ad- 
renergic receptor antagonist. Furthermore, inhibition 
of 1146619-induced platelet aggregation by Ro 31-8220 
was relieved by activation of the G i pathway by selective 
activation of either the P2T AC receptor or the o^-adren- 
ergic receptor. We conclude that whereas thromboxane 
A 2 causes intracellular calcium mobilization and shape 
change independently, thromboxane A 2 -induced inhibi- 
tion of adenylyl cyclase and platelet aggregation de- 
pends exclusively upon secretion of other agonists that 
stimulate G^coupled receptors. 



Upon exposure to activating agonists (e,£, thrombin, ADP, 
and collagen), platelets liberate arachidonic acid stored as 
phospholipid in the platelet plasma membrane that is con- 
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verted into thromboxane Ag by sequential oxygenation of 
arachidonic acid by cycloxygenase and thromboxane A 2 syn- 
thase (1). The released thromboxane A 2 acts as a positive 
feedback mediator in the activation and recruitment of more 
platelets to the primary hemostatic plug (2). Thromboxane A 2 
exerts its actions via specific G protein-coupled receptors and 
has been described as either a potent platelet agonist (2, 3) or 
as a weak agonist with an important role in amplifying the 
response of platelets to more potent agonists (4). 

Pharmacological studies indicate the presence of two poten- 
tial thromboxane A 2 receptor (TP receptor) 1 subtypes on hu- 
man platelets (5, 6), The TP receptor gene has been cloned and 
encodes two subtypes of the TP receptor that result from alter- 
native splicing of the primary transcript (7), The subtypes 
share the identical first 293 amino acids but possess different 
carboxyl-terminal domains. A complete cDNA of the 343 amino 
acid TPa isoform was isolated from both a placental cDNA 
library and human megakaryocytic leukemia cells (8, 9) and a 
chronic myelogenous leukemia cell line (10). A cDNA for the 
407-amino acid TP/3 subtype was cloned from a vascular endo- 
thelial library (11, 12). Both the TPa and TP/3 subtypes medi- 
ate the stimulation of phospholipase C and an increase in 
intracellular concentrations of inositol 1,4,5-triphosphate and 
diacylglycerol. The formation of inositol 1,4,5-triphosphate in- 
duces an increase in the cytosolic concentration of Ca 2 *, 
whereas the release of diacylglycerol activates PKC (13-16). In 
transfected cell lines the two subtypes were shown to oppo- 
sitely regulate levels of cAMP. The TPa receptor stimulated 
cAMP formation in contrast to the TP/3 receptor that inhibited 
the level of intracellular cAMP (15). Pertussis toxin was shown 
to block TP/3 receptor-mediated inhibition of adenylyl cyclase; 
however, its effect on phospholipase C activation was not de- 
termined (15). By using isoform-specific antibodies Habib et aL 
(17) only detected the presence of the TPa receptor in human 
platelets. Hirata et al. (15) have shown the presence of mRNA 
encoding both TPa and TP/3 subtypes in platelets using reverse 
transcriptase-polymerase chain reaction. 

ADP-induced platelet aggregation results from concomitant 
signaling through the P2Y1 and P2T AC receptors that couple to 
G q and G it respectively (18-21). Thrombin has been shown to 
activate both G q - and G r signaling cascades (22, 23). Contrary 



1 The abbreviations used are: TP receptor, thromboxane A% receptor; 
U46619, (15S>hydroxy-9,ll-epoxymethanoprosta-5Z,131£-dienoic acid 
also known as 9,ll-dideoxy-9a,lla-methanaepoxy prostaglandin F^; 
P2T /i0 platelet ADP receptor coupled to inhibition of adenylyl cyclase; 
P2Y1, platelet ADP receptor coupled to stimulation of phospholipase C; 
G i? heterotrimeric GTP -binding protein which inhibits adenylyl cyclase; 
G q , heterotrimeric GTP-binding protein that stimulates phospholipase 
C; 5-HT, 5-hydroxytryptamine; A3P5P, adenosine-3 '-phosphate -5 ' - 
phosphate; PRP, platelet-rich plasma; PKC, protein kinase C; TxA^, 
thromboxane A 2 . 
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to previous studies, we have demonstrated that epinephrine 
and serotonin activating only G i or G q pathways, respectively, 
are not true platelet-aggregating agents (18). Offermanns et al. 
(24) have provided evidence showing that U46619 couples to 
G q . Since thromboxane couples to two TP receptor subtypes 
and TP/3 has been shown to inhibit adenylyl cyclase, we inves- 
tigated whether U46619 (a stable thromboxane A 2 analog) also 
causes platelet aggregation by co-activation of TPa and TPj3 
receptor subtypes coupled to G q and G it respectively. 

We report here that U46619 causes intracellular calcium 
mobilization and shape change in human platelets independ- 
ently of secretion. However, TxA 2 -induced platelet aggregation 
depends upon secretion of other platelet agonists capable of 
coupling to Gi pathways. In the absence of Gi signaling by other 
agonists, U46619 cannot cause inhibition of adenylyl cyclase or 
platelet aggregation. We provide evidence for the involvement 
of the P2T AC and a^-adrenergic receptors as well as other 
G r coupled receptors in U46619-induced platelet aggregation, 

EXPERIMENTAL PROCEDURES 

Materials — Adenosine-3'-phosphate-5'-phosphate (A3P5P), epineph- 
rine, apyrase (type V), ADP, fibrinogen (type I), and bovine serum 
albumin (fraction V) were from Sigma. The acetoxymethyl ester of Fura 
PE-3 was from Teflabs {Austin, TX). The stable thromboxane/prosta- 
glandin endoperoxide analogue 9,ll-dideoxy-9,ll-epoxymethanopros- 
taglandin F 2a (U46619) and Ro 31-8220 (bisindolylmaleimide IX) were 
from Biomol (Plymouth Meeting, PA). Imipramine was purchased from 
1CN (Costa Mesa, CA). Bovine thrombin was from Parke-Davis. SC- 
57101 was a gift from Searle and Co. AR-C66096 (previously known as 
ARL 66096) was a gift from Astra Research Laboratories -Charnwood, 
Loughborough, UK (formerly Fisons). Yohimbine and cyproheptadine 
were purchased from Research Biologicals International (Natick, MA), 
All other chemicals were reagent grade, and deionized water was used 
throughout. 

Isolation of Platelets — Human blood was collected from a pool of 
informed healthy volunteers all of whom are students or staff at Temple 
University School of Medicine. The donated blood was collected into a 
one-sixth volume of ACD (2.5 g of sodium citrate, 1.5 g of citric acid, and 
2.0 g of glucose in 100 ml of deionized H 2 0). Platelet-rich plasma (PRF) 
was isolated by centrifugation of titrated blood at 180 X g for 15 min at 
room temperature. PRP was incubated with 1 mM acetylsalicylic acid 
(aspirin treated) for 1 h at 37 °C followed by centrifugation at 1000 X g 
for 10 min at room temperature. The platelet pellet was resuspended in 
HEPES-buffered Tyrode's solution (138 mM NaCl, 2.7 mM KC1, 1 mM 
MgCl 2 , 3.0 mM NaH 2 P0 4 , 5 mM glucose, 10 mM HEPES, adjusted to pH 
7.4) supplemented with 0.2% bovine serum albumin, and 0,05 units/ml 
apyrase. The platelet count was adjusted to 2 X 10 s cells/mh All exper- 
iments were repeated at least three times using platelets from different 
donors. 

Analysis of Platelet Aggregation and Shape Change— Agonist-in- 
duced platelet aggregation was determined by measuring the transmis- 
sion of light through a 0.5-ml sample of aspirin-treated washed plate- 
lets (2 X 10 s cells/ml) with stirring (900 rpm) in a lu mi -aggrego meter at 
37 °C {Chrono-Log, Havertown, PA), The recorder output speed was set 
to 0.2 mm/s. The base line was set using 0.5 ml of HEPES-buffered 
Tyrode's solution as a blank. Aggregation of washed platelets required 
the addition of fibrinogen (1 mg/ml) prior to the addition of an agonist. 
Platelet shape change was observed by the addition of 1 jam SC-57101 
before agonist stimulation. SC-57101 is a known inhibitor of platelet 
aggregation through blocking fibrinogen binding to its receptor (25). All 
experiments were performed in the presence of 2 mM CaCl 2 which was 
added first before either fibrinogen or SC-57101. All experiments were 
repeated at least three times using platelets from different donors. 

Measurement of Platelet Secretion — Platelet secretion was deter- 
mined by measuring the release of ["C]5-HT and expressed as the 
percentage of the total ["C]5-HT content. The activation of labeled 
["Cj5-HT platelets was performed in the lumi-aggr ego meter at 37 °C 
with stirring (900 rpm) and was stopped after 2 min with the addition 
of formaldehyde/EDTA according to tbe method of Costa and Murphy 
(26). Imipramine was added to the HEPES-buffered Tvrode's solution at 
a final concentration of 1 /xM in order to prevent re-uptake of secreted 
[ 14 C]5-HT, Samples were collected and centrifuged at 5000 X g for 1 
min, and the radioactivity of the supernatant was measured using an 
LKE (Amersham Pharmacia Biotech) liquid scintillation counter. 

Measurement of Cytoplasmic Concentrations of Ionized Co 2+ — Plate- 
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Fig. 1, Effect of varying concentrations of the TxA 2 mimetic, 
U46619, on platelet shape change and aggregation CA) and se- 
cretion of ["CI5-HT {£)♦ Aspirin-treated human platelets were 
loaded with [ 14 CJ5-HT, washed, and resuspended in HEPES-buffered 
Tyrode's solution including 1 /xm imipramine to prevent re-uptake of 
secreted 5-HT. A r platelet aggregation was measured in the presence of 
extracellular fibrinogen (1 mg/ml) and 2 mM CaCl 2 as described under 
"Experi mental Procedures," Aggregation was performed in a cuvette 
maintained at 37 °C with stirring. The ordinate represents the observed 
changes in light absorbance (optical density) due to light scattering by 
the platelets. These tracings are representative of results observed on 
three separate occasions from three different donors, B, Ro 31-8220 or 
dimethyl sulfoxide (control) was added to a 0.5-ml volume of platelets 
and incubated for 5 min at 37 *C with stirring before the addition of 
U466I9, Each data point is the mean ± S.E. of three measurements, 
The experiment was repeated three times using platelets from different 
donors. 

let-rich plasma was incubated at 37 Q C with 3 (All Fura PE-3 acetoxy- 
methyl ester and 1 mM acetylsalicylic acid for 45 min followed by 15 min 
at room temperature. The platelet-rich plasma was centrifuged at 
1000 x g for 10 min at room temperature. The platelet pellet was 
resuspended in HEPES-buffered Tyrode's solution supplemented with 
0.2% bovine serum albumin, and 0.05 units/ml apyrase. The platelet 
count was adjusted to 2 X 10 a cells/mi. Aliquots (1.0 ml) of the platelet 
suspension were stirred (900 rpm) in a water-jacketed cuvette main- 
tained at 37 °C during activation. Fluorescence was constantly meas- 
ured using a Perkin-Elmer LS-5 spectrofluorimeter with settings of 340 
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(excitation) and 510 nra (emission). Fura PE-3 fluorescence signals 
were calibrated as described previously (27). was determined by 
the addition of 2 mM EGTA, 20 mM Tris base, and 40 ftM digitonin. F maX 
was determined by addition of a saturating concentration of CaCl 2 to 
the lysed cells. All experiments were performed in the presence of 2 mM 
CaCl 2 and repeated at least three times using platelets from different 
donors. Calibration curves for experiments that included Ro 31-8220 
were performed in the presence of Ro 31-8220 due to its slight quench- 
ing of the fluorescent signal. 

Measurement ofcAMP— PKP was incubated with 2 ^Ci/ml [ 3 H]ade- 
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Fig. 2. Effect of 10 Ro 31-8220 on agonist-induced platelet 
aggregation* Platelet aggregation was measured as described. Aspi- 
rin-treated platelets were previously treated with either vehicle (di- 
methyl sulfoxide) and are labeled control or with 10 jam Ro 31-8220 as 
indicated. The arrow indicates the addition of agonist as indicated into 
a cuvette maintained at 37 °C with stirring. 2 mM extracellular CaCl 2 
was previously added to the cuvette. The tracings are representative of 
three experiments. 



nine and aspirin (1 mM) for 1 h at 37 "C. Platelets were isolated from 
PRP by centrifugation as described above and resuspended in HEPES- 
buffered Tyrode's solution. Reactions were stopped with 1 M HC1, and 
4,000 dpm of ["ClcAMP was added as the recovery standard. The level 
of cAMP was determined as described previously (28) and measured as 
a fraction of total [ 3 H]adenine nucleotides. Results are normalized to 
the level of forskolin (20 ^0- stimulated cAMP and expressed as a 
percentage. 

RESULTS 

Effect of Ro 31-8220, a Protein Kinase C Inhibitor, on 
U46619-induced Platelet Responses— Platelets respond to in- 
creasing concentrations of ADP by first undergoing shape 
change and then, at a higher concentrations, aggregation (29). 
This is because ADP-induced platelet shape change results 
from activation of the high affinity P2Y1 receptor (19), and 
higher concentrations of ADP are needed for co-stimulation of 
both the high affinity P2Y1 receptor and a low affinity V2T AC 
receptor to induce aggregation (19). In order to determine if 
concomitant higher affinity G q -coupled signaling and lower 
affinity G r coupled signaling also occurs in response to U46619 
and to determine whether aggregation requires lower concen- 
tration of U46619 than secretion, we exposed platelets to dif- 
ferent concentrations of the agonist. Similar to the response 
observed for ADP, the platelets first responded to lower con- 
centrations of U46619 (100 nM) by changing shape. Aggrega- 
tion occurred at significantly higher concentrations (300 nM) 
(Fig, 1A). Secretion did not occur at concentrations of U46619 
below 300 nM (Fig. IB); furthermore, the onset of aggregation 
appears to correlate with the initiation of secretion. PKC has 
been shown to play an important role in the induction of plate- 
let secretion, and secretion can be blocked using the cell-per- 
meable inhibitor of PKC, Ro 31-8220 (30-32). We investigated 
the role of secretion in platelet aggregation in response to ADP, 
thrombin, and U46619. Secretion in response to U46619 is 
totally abolished by 10 jllm Ro 31-8220 (Fig, LB). In the presence 
of Ro 31-8220, U46619 caused shape change but did not induce 
aggregation (Fig, 2), Platelet aggregation induced by thrombin 
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Fig. 3. The effect of Ro 31-8220 on U46619-induced platelet shape change (A) and Ca 2+ mobilization (B).A, platelet shape change was 
induced by 1 ftM U46619 (addition of agonist indicated by the arrow) in aspirin-treated platelets that were previously treated with either vehicle 
(dimethyl sulfoxide, labeled control) or with 10 jxM Ro 31-8220 as indicated. 2 mM extracellular CaCl 2 was previously added to the cuvette. 
U46619-induced platelet shape change was analyzed in the presence of 1 jiM SC-57101 (addition indicated by arrow). The tracings are 
representative of three experiments. B, aspirin- treated platelets labeled with Fura PE3 were treated with either vehicle (dimethyl sulfoxide) or 
with 10 fXM. Ro 31-8220 (5 min) and then stimulated with 1 /am U46619 in a cuvette maintained at 37 °C with stirring (900 rpm). Labeled arrows 
indicate addition of Ro 31-8220, 2 mM CaCl 3l and U46619. The tracings are representative of three experiments using platelets from different 
donors. 
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Fig. 4. Effect of receptor-selective antagonists on U46619-in- 
duced platelet shape change (A) and intracellular calcium mo- 
bilization (JB).A, platelet shape change was induced hy 1 julm U46619 
either in the presence or absence of 1 mM A3P5P (addition indicated by 
arrow with asterisk) under conditions previously described. U46619- 
induced platelet shape change was analyzed in the presence of 1 uM 
SC-57101. Addition of reagents is indicated by arrows. The tracings are 
representative of three experiments using platelets from different do- 
nors. B t aspirin-treated platelets labeled with Fura PE3 were treated 
with either 1 mM A3P5P or 10 ptM cyproheptadine (abbreviated as Cypr) 
as indicated and then stimulated with 1 /jim U4&619 as described pre- 
viously. Arrows labeled Ca 2+ indicate the addition of 2 mM extracellular 
CaCl 2 . The tracings are representative of three experiments using 
platelets from different donors. 



was slightly slowed down indicating the participation of se- 
creted agonists, whereas aggregation in response to ADP was 
unaffected (Fig. 2). 

Effect ofRo 31-8220 on U466194nduced Grcoupled Platelet 
Responses — ADP-mediated G q -coupled signaling has been 
shown to be required for both platelet shape change and aggre- 
gation (19, 28). Stimulation of the TP receptor with 30-100 nM 
U46619 leads to platelet shape change resembling selective 
stimulation of the G q -coupled P2Y1 receptor. In order to assess 
the possible effects of secretion on G q -mediated signaling, both 
platelet shape change and intracellular Ca 2+ mobilization were 
measured in the presence and absence of Ro 31-8220, a protein 
kinase C (PKC) inhibitor. Platelet shape change in response to 
U46619 was not affected by Ro 31-8220 (Fig. 3A) indicating 
that these signaling pathways are not dependent upon either 
secretion or PKC activity. Furthermore, the U46619-induced 
increase in cytosolic Ca 2+ was unaffected by the presence of Ro 
31-8220 (Fig. SB) indicating that G q -coupled signaling initiated 
by TP receptor stimulation is independent of released granule 
contents. 

Effect of Receptor-selective Antagonists on 1746619-indueed 
G q -coupled Platelet Responses — Platelet secretion releases 
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Fig. 5. Effect of Ho 31-8220 or receptor- selective antagonists 
on U46619-friduced inhibition of platelet adenylyl cyclase. Data 
are collected as the fractions of total nucleotides that are [ 3 H]cAMP. 
The data are normalized to the level of forskolin-stimulated cAMP 
(taken as 100%) or to the level of forskolin-stimulated cAMP in the 
presence of 10 jutM Ro 31-8220. Ro 31-8220 or dimethyl sulfoxide (con- 
trot) was added to a 0.5-m! volume of aspirin-treated platelets and 
incubated for 5 min at 37 °C with stirring (900 rpm) before the addition 
of either 20 fiM forskolin alone or 20 /iM forskolin with 1 /jlM U46619. 1 
ptM AR-C66096 and 10 um yohimbine were added 1 min before the 
addition of 1 vm U46619. 



ADP and serotonin at the site of injury in order to activate and 
recruit more platelets into the forming primary hemostatic 
plug (2). By using receptor-selective antagonists, we investi- 
gated the contribution of these agonists to U46619-induced 
G q -coupled responses. The compound A3P5P is an antagonist 
of the G q -coupled P2Y1 receptor (33). Cyproheptadine is an 
antagonist at the S-HT^ receptor (34-37). Aggregation was 
not affected by the presence of either compound (data not 
shown). U46619-induced platelet shape change was not af- 
fected by the presence of A3P5P (Fig. 4A) or cyproheptadine 
(not shown) indicating the lack of any contribution by the P2Y1 
or serotonin receptors to this event, The possible contribution 
of both the P2Y1 and S-HTza receptors in the mobilization of 
intracellular Ca 2+ was investigated. Intracellular Ca 2 -r mobi- 
lization in response to U46619 was not affected by A3P5P 
and/or cyproheptadine (Fig. 423). 

Effect of Ro 31-8220 or Receptor-selective Antagonists on 
1746619-indueed Inhibition of Platelet Adenylyl Cyclase — Pre- 
vious studies have shown that U46619 causes a decrease in the 
intracellular concentration of cAMP in platelets (38, 39). In 
order to determine whether TP receptors can couple to G r 
signaling pathways, we utilized two approaches. The first was 
to block secretion using Ro 31-8220. In the absence of Ro 
31-8220, U46619 inhibited forskolin-stimulated adenylyl cy- 
clase (Fig. 5). In the presence of Ro 31-8220, U46619 failed to 
inhibit adenylyl cyclase. The second approach utilized receptor- 
selective antagonists to the P2T AC and a^-adrenergic recep- 
tors. AR-C66096 is an antagonist at the G r coupled P2T AC 
receptor (28), and yohimbine is an antagonist at the G-coupled 
or 2 -adrenergic receptor (40, 41). Platelet dense granules contain 
both ADP and epinephrine which cause the inhibition of cAMP 
following activation at their respective receptors (2). The level 
of cAMP was measured following stimulation of platelets in the 
absence and presence of the antagonists AR-C66096 and yo- 
himbine. These antagonists effectively prevented the contribu- 
tion of G r coupled signaling by either the P2T^ C or the a^- 
adrenergic receptor, respectively. As shown in Fig, 5, U46619- 
induced adenylyl cyclase inhibition was also blocked by these 
receptor antagonists, suggesting that U46619-induced G i stim- 
ulation depends on secreted ADP and epinephrine. 
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Fig. 6. Effect of the P2T AC antagonist, AR-C66096, and the 
a 2 - adrenergic antagonist, yohimbine, on U46619-induced plate- 
let aggregation. Platelet aggregation was measured as described pre- 
viously. The arrows indicate the addition of 1 uM AR-C66096 or 10 jaM 
yohimbine into a cuvette maintained at 37 °C with stirring. 2 mM 
extracellular CaCl 2 was previously added to the cuvette. The tracings 
are representative of three experiments. 

Effect of Receptor-selective Antagonists on U46619-induced 
Platelet Aggregation — We (18) and others (20, 21) have pro- 
vided evidence that concomitant signaling through both G- 
coupled and G q -coupled receptors is required for platelet ag- 
gregation. Since the TP receptor does not couple to G it 
independently of secreted ADP and epinephrine (Fig. 5), we 
utilized receptor-selective antagonists to elucidate the role of 
these G r coupled receptors in U46619-induced platelet aggre- 
gation, AR-C66096 dramatically inhibited ADP-induced plate- 
let aggregation (18, 28). The rate and extent of U46619-induced 
aggregation were diminished in the presence of AR-C66096 
(Fig. 6). In the presence of AR-C 66096, yohimbine further in- 
hibited U46619-induced platelet aggregation (Fig. 6). However, 
yohimbine alone was without any significant effect (not 
shown). These results indicated that the P2T AC receptor is 
essential for U46619-induced platelet aggregation. 

Restoration of U46619-induced Aggregation Blocked by Ro 
31-8220 — In order to verify that signaling through a G-coupled 
receptor only occurs following U46619-induced secretion, we 
investigated the effects of selective activation of Gj-coupled 
receptor stimulation in the presence of Ro 31-8220. Control 
experiments were performed to ensure that platelets respond 
normally to ADP and thrombin in the presence of Ro 31-8220 or 
vehicle (not shown). The P2T AC receptor was selectively acti- 
vated by ADP in the presence of A3P5P. As shown in Fig. 7, 
selective activation of the P2T AC receptor reversed the effects of 
secretion blockade on U46619-induced aggregation. AR- 
C 66 09 6 blocked this reversal, providing further evidence that 
ADP is selectively activating the Gi-coupled P2T AC receptor 
(Fig. 7). Epinephrine also reversed the inhibitory effects of Ro 
31-8220 on U46619-induced aggregation. Addition of ADP and 
epinephrine together potentiated this reversal. Thus platelet 
aggregation in response to U46619 is mediated by concomitant 
signaling through the G q -coupled TP receptor and the Gi-cou- 
pled P2T AC and receptors. 

DISCUSSION 

The molecular mechanisms leading to aggregation following 
platelet exposure to thromboxane A 2 have yet to be clearly 



elucidated. Four explanations for the stimulatory action caused 
by U46619 or other thromboxane A 2 mimetics are possible. 
First, U46619 may activate G q and G £ through the TPct and 
TP£ receptors, respectively. Second, it is conceivable that 
U46619 only activates the G q pathway and that secreted ADP 
activates the Gj pathway. Although unlikely, a third explana- 
tion is that U46619 activates Gj or G Q through TP/3 leading to 
the activation of phospholipase C and the inhibition of cyclase. 
Following secretion, released ADP would activate the G q path- 
way. Finally, U46619 may activate an unidentified G protein- 
coupled pathway that results in secretion of ADP which acti- 
vates both G q and G d through the P2Y1 and the P2T AC 
receptors, respectively. We used three complementary ap- 
proaches to identify the molecular mechanisms of U46619- 
induced platelet activation as follows: 1) determination of the 
minimum concentration required for platelet aggregation and 
secretion by U46619, 2) blockade of secretion, and 3) receptor 
subtype-selective antagonists in order to eliminate the positive 
feedback from granule contents. Here we report that although 
thromboxane A2 causes intracellular calcium mobilization and 
shape change independently, thromboxane A 2 -induced inhibi- 
tion of adenylyl cyclase and platelet aggregation depend exclu- 
sively on ADP and other released granule contents. 

Evidence exists for a dissociation of platelet activation re- 
sponses following stimulation of the TP receptor. First, the 
EC eo values of the TP receptor agonists, U46619 (42) and STA 2 
(43), for an increase in cytosolic Ca 2+ and platelet shape change 
are lower than the EC 50 values for secretion and aggregation. 
Our data indicate that platelet aggregation correlates with the 
occurrence of secretion. We observed that platelet shape 
change occurs at lower concentrations of U46619 and that 
aggregation occurs at higher concentrations (Fig. 1A). Further- 
more, the same concentration of U46619 that leads to the 
initiation of aggregation also initiates secretion (Fig. LB). How- 
ever, from this evidence it is not clear if platelet aggregation 
results in part from P2 receptor stimulation. 

Substantial evidence exists that PKC activation is required 
for platelet secretion (31). In platelets activated by U46619 in 
the presence of Ro 31-8220, it was reported that P47 phospho- 
rylation, fibrinogen binding, and serotonin release were all 
inhibited (32). In agreement with previous studies, our results 
show that Ro 31-8220 prevented U46619-induced platelet ag- 
gregation (Fig. 2). We observed that Ro 31-8220 inhibited 
U46619-induced secretion in platelets loaded with [ 14 C] seroto- 
nin in the presence of 2 mM Ca 2+ (Fig. IS) and that Ro 31-8220 
did not inhibit the increase in cytosolic Ca 2+ induced by 
U46619 (Fig. SB). 

Ro 31-8220 failed to inhibit ADP- or thrombin-induced plate- 
let aggregation (Fig. 3) suggesting that the Ro 31-8220 inhib- 
itable PKC isoforms do not directly contribute to fibrinogen 
receptor activation. Ro 31-8220 has been shown to block PKC 
isoforms a, j3, y, and e (44). Hence these PKC isoforms do not 
contribute to the inside-out signaling leading to fibrinogen 
receptor activation by either ADP or thrombin. 

Considering that secretion and aggregation both occur at the 
same concentration of U46619 (Fig. 1) and that blocking secre- 
tion prevents aggregation (Fig. 2), it is reasonable to suggest 
that thromboxane A 2 -induced aggregation is dependent upon 
secretion. The role of ADP in thromboxane A 2 -induced platelet 
aggregation has been investigated using enzymes that deplete 
released ADP. This work suggested that the aggregation re- 
sponse is mediated by the secretion of platelet ADP (45-49). It 
was concluded that U46619-induced platelet aggregation de- 
pends on the release of stored ADP. The use of apyrase could 
have enhanced the generation of adenosine from AMP. Aden- 
osine binds to the Grcoupled A2 receptor resulting in an in- 



Mechanism of 1746619-induced Platelet Aggregation 



29113 



Fig. 7. 
blocked 



Restoration of Ro 31-8220 
aggregation by selective 



ceptor or the ^..-adrenergic receptor. 

Platelet aggregation was measured as de- 
scribed. Aspirated platelets were previ- 
ously treated with either vehicle (dimeth- 
yl sulfoxide) and are labeled control or 
with 10 Ro 31-8220 as indicated. An- 
tagonists added before U46619 are indi- 
cated above tracings. The arrows indicate 
the addition of 1 juM U46619, 10 /xM ADP, 
or 10 fXM epinephrine (indicated as EPI). 
All additions were made into a cuvette 
maintained at 37 °C with stirring. 2 mM 
extracellular CaCl 2 was previously added 
to the cuvette. Not shown are the control 
responses of platelets to ADP and throm- 
bin in the presence of Ro 31-8220 or vehi- 
cle. The tracings are representative of 
three experiments. 





Fig, 8, Model depicting the molecular events of thromboxane 
Ag-induced platelet activation. Solid arrows depict stimulatory 
pathways. Receptor-selective antagonists are indicated in boxed type. 
U46619 acts at the G q -coupled TP receptor to cause secretion of granule 
contents. Activation of G-coupled receptors is dependent upon secre- 
tion. Concomitant stimulation of G q -coupled and G r coupled receptors 
leads to platelet aggregation. 

crease in the intracellular concentration of cAMP and inhibits 
platelet activation (50, 51). Moreover, these studies did not 
clearly determine how ADP and the other components of the 
dense and a-granules contribute to TxA 2 -induced platelet ag- 
gregation. The use of creatine phosphate/creatine phosphoki- 
nase converts ADP to ATP, an antagonist at the platelet ADP 
receptors (2). ATP can also potentially stimulate adenylyl cy- 
clase activity resulting in inhibition of platelet activation (52, 
53). Our experiments make use of the receptor subtype-selec- 
tive antagonists AR-C66096 and yohimbine, which block stim- 
ulation of Gi signaling. 

Evidence exists to support the presence of the TPa and TP/3 
receptor subtypes in platelets (8, 17); these isoforms, when 
expressed in Chinese hamster ovary cells, have been shown to 
couple to G a and G £ pathways, respectively. However, in the 
presence of Ro 31-8220, high concentrations of U46619 did not 
alter the level of cAMP, indicating that TP receptor subtypes do 
not couple to adenylyl cyclase in platelets. Our observation also 
is supported by two studies. By using platelet membranes, 
U46619 was found to have no effect upon levels of cAMP (54), 
Furthermore, Klages et al. (55) have shown that U46619 does 
not stimulate Gj proteins in mouse platelets. G protein coupling 



may be affected by levels of heterologous receptor expression; 
futhermore, high levels of receptor expression can lead to pro- 
miscuous coupling to multiple G proteins. 

U466l9-induced aggregation requires concomitant stimula- 
tion of both a G q -coupled receptor and a G r coupled receptor. 
Granule contents appear to mediate the stimulation of G- 
coupled signaling as is evident by the lack of cyclase inhibition 
when U46619-induced platelet secretion is prevented (Fig. 5). 
The fact that signaling through the G q -coupIed TP receptor is 
unaffected under such conditions is apparent by both the ro- 
bust shape change response (Fig, 3A) and the normal level of 
cytosolic Ca z+ mobilization (Fig. 3£). 

An alternative explanation for the effect of Ro 31-8220 on 
U46619-induced platelet aggregation is that U46619 causes 
platelet aggregation involving activation of a PKC isoform 
through a mechanism different from that of ADP. Hence, Ro 
31-8220 would inhibit U46619-induced aggregation by inhibit- 
ing this PKC isoform in addition to blocking secretion. This 
possibility was ruled out using receptor-selective antagonists. 

Through the use of receptor-selective antagonists, we were 
able to identify clearly the contribution of receptors mediating 
aggregation following U46619-induced secretion. Antagonists 
at G q -coupled receptors such as cyproheptadine and A3P5Phad 
no effect on aggregation, shape change, or the increase in 
cytosolic Ca 2+ concentration. In contrast, both of the Gi-coupled 
P2T AC and a^-adrenergic receptors were found to mediate 
aggregation and inhibition of adenylyl cyclase, following 
U46619-induced secretion (Fig. 6). The compound AR-C66096 
had the greatest inhibitory effect indicating the large contribu- 
tion to G^oupled signaling by the P2T AC receptor. In the 
absence of AR-C66096, yohimbine failed to affect U46619-in- 
duced aggregation, indicating that Gj stimulation could be com- 
pensated by P2T AC receptor stimulation. The amount of epi- 
nephrine found in platelets is extremely small (1.1-3.8 pmol/ 
1 X 10 8 platelets) (56); however, the initial concentration of this 
secreted amount in the microenvironment of the platelet could 
be much greater. As observed, the secreted epinephrine makes 
a significant contribution as revealed by the inhibition of ag- 
gregation by yohimbine only in the absence of P2T AC receptor 
stimulation (Fig. 6). This suggests that secretion of the Gi- 
coupled receptor stimulating agonists (ADP and epinephrine) 
are required for full aggregation following activation of Gq- 
coupled signaling by thromboxane A 2 , When U46619-induced 
secretion was blocked by Ro 31-8220 aggregation was pre- 
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vented. Under these conditions the selective activation of either 
the G r coupled P2T AC receptor or the a^-adrenergic receptor 
restored aggregation (Fig. 7), 

Further evidence for the important role of the P2T AC recep- 
tor in mediating the platelet response to TxA^ is provided by 
reports of patients with congenital ADP receptor defects (57- 
59). In these cases the shape change and cytosolic Ca z * mobi- 
lization responses to ADP are present indicating function of the 
P2Y1 receptor, whereas ABP-induced aggregation and inhibi- 
tion of adenylyl cyclase are absent. Such findings suggest that 
the defect involves the P2T AC receptor. The lack of signaling 
due to a defective P2T Acr receptor affects the response of these 
platelets to thromboxane A 2 mimetics. In both cases, U46619- 
induced activation of the integrin a IIb /3 3 was inhibited (58, 59). 
Inhibition of adenylyl cyclase by epinephrine in platelets from 
both patients was normal, suggesting that the residual fibrin- 
ogen receptor activation could be due to activation of a^- 
adrenergic receptors by secreted epinephrine. On the other 
hand, we predict that in the case of a hypothetical P2Y1 recep- 
tor defect, platelet aggregation in response to U46619 would 
appear normal as G k stimulation, although the P2T AC receptor 
and the a 2 -adrenergic receptor would be intact. 

Even in the presence of both AR-C66096 and yohimbine we 
still observed some residual aggregation (Fig. 6), We propose 
that this residual aggregation results from Gj signaling by 
other components of the granules. This prediction is supported 
by the fact that secretion blockade completely eliminates 
U46619-induced platelet aggregation. Based on previous and 
recent reports describing the mechanism of action by throm- 
bospondin, a major constituent of the ee granules, in platelet 
activation and aggregation (60-62), we suggest that it too may 
be mediating TxA 2 mimetic-induced aggregation. A recent 
study has demonstrated that thrombospondin can stimulate 
the G r signaling pathways (60). 

In conclusion, as outlined in Fig. 8, our results show that 
U46619 causes platelet shape change and intracellular Ca 3+ 
mobilization independently of secreted granule contents. How- 
ever, U46619-induced platelet aggregation depends exclusively 
on Gj stimulation by ADP and other released granule contents. 
The P2T AC receptor appears to be the predominant stimulator 
of the Gi pathway. These results further support the hypothesis 
that platelet fibrinogen receptor activation requires concomi- 
tant signaling from the G q - and Gi-signaling pathways. 
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Thrombin represents the culmination of the 
coagulation cascade as it converts fibrinogen 
to clottable fibrin by releasing fibrinopeptides 
A and B. Thrombin itself is responsible for its 
own nonlinear generation caused by positive 
feedback activation, whereby thrombin en- 
liunccs neoformation of thrombin (Fig. 9-1). 
In addition, thrombin is a pivotal molecule for 
numerous other functions. By binding to its 



receptor and subsequent cleaving, thrombin is 
the most potent known platelet activator. The 
action of thrombin on platelets results in the 
release of platelet factor V exteriorization and 
the transbilayer movement of its inner mem- 
brane surface (flip-flop reaction). Thrombin 
activates three of the four cofactor or helper 
proteins (factors V and VIII, thrombomod- 
ulin, but not tissue factor). Thrombin further- 
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FIG 9-1 Role of thrombin in the pathogenesis of arterial thrombosis. Positive signs {+) indicat 
actions stimulated by thrombin, whereas negative signs (-) Indicate reactions inhibited by it. In j 
tion to its effects on the activation of coagulation factors and fibrin formation and stabilization, th 
bin activates platelets, induces proliferation of smooth muscle cells (SMC), and contributes t< 
activation of the spontaneous anticoagulant pathway of normal endothelium. Fps, fibrinopept 
Fg, fibrinogen. {From Badlmon and Badimon, ref. 79, with permission.) 



more activates factor XIH, which increases 
the strength and renders the fibrin more resis- 
tant to thrombolysis, 

Thrombin also may prevent coagulation by 
a negative feedback mechanism. When 
thrombin binds thrombomodulin on endothe- 
lial cells, it cleaves and activates protein C s a 
natural anticoagulant, which- in turn inacti- 
vates factors Va and Vila. Protein S specifi- 
cally accelerates the degradation of factor V 
catalyzed by activated protein C, 

Thrombin in association with intact en- 
dothelium induces the production and release 
from the vascular endothelial cells of two 



highly potent local antiaggregatory vaso 
tors: prostacyclin and nitric oxide (endi 
lium-derived relaxing factor}* These n 
cules are thought to provide signif 
antithrombotic protection for rnicrocirculi 
beds adjacent to sites of thrombus formal 
In vivo thrombin receptor expression 
also demonstrated by macrophages and vj 
lar smooth muscle cells in atheroscleroti 
sions and in endarterectomy specimens. E 
sure of selectins at the endothelial cell su 
is stimulated by thrombin and plays a rc 
the incursion of monocytes and neutroph 
an injured vessel wall. In addition, thro 
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has a direct chemotactic effect on monocytes 
and has apparent mitogenic effects on lym- 
phocytes and vascular smooth muscle cells. 

Considering the pivotal role of thrombin in 
the coagulation system, substantial research is 
focused on specific inhibitors of thrombin. 
What they all have in common is that unfor- 
tunately no specific antidote is presently 
available. 

DESULFATOHIRUDIN 

Biochemistry and Experimental 
In Vivo Studies 

Several natural hirudin variants (isoin- 
hibitors), with different N-terminal amino 
acids, are produced by the salivary gland of the 
European leech, Hirudo medicinalis, and are 
the prototype of direct antithrombins (1,2). 
Natural desirudin is a 65-residue polypeptide 
with three intramolecular disulfide bonds and a 



Heparin-blnding Domain 




Hfrugen Hirutog 
orONAAptamer 



FIG. 9-2. Interaction of direct thrombin inhibitors 
with thrombin. In addition to the active site of 
thrombin (I I a), there are two distinct positively 
charged domains located at opposite poles of 
the enzyme. The first, known as anion-binding 
exosite 1 , serves as the substrate recognition 
site, whereas the second, which has been des- 
ignated exosite 2, contains the heparin-bl riding 
domain, Active-site inhibitors (e.g., D-Phe-Pro- 
Arg CHS CI and its derivatives) block the active 
site of thrombin, whereas hirugen and the thram- 
bin-binding DNA aplamer bind to exosite 1, 
thereby preventing the enzyme from interacting 
with its substrates, in contrast, hirudin and hiru- 
log bind both with the active site and with exosite 
1 ■ (From Waltz, ref. 80, with permission.) 



sulfated tyrosine residue in position 63. It has a 
molecular weight of approximately 7 kDa and 
binds thrombin with extraordinary tightness 
('dissociation constant [K D ] 2 x 10r !5 mol/L) 
and specificity (3 5 4), which is the result of 212 
close (< 4 A*0 contacts between inhibitor and 
enzyme (4). Hirudin binds thrombin with 1:1 
stoichiometry. The highly negatively charged 
C-terminus of hirudin interacts with the anion- 
binding exosite of thrombin, whereas its apoiar 
domain (residue 1-48), stabilized by the three 
disulfide bridges, interacts with a region adja- 
cent to the amidolytic center of thrombin 
(Fig. 9-2), Multiple nonpolar contacts contrib- 
ute to the exceptional affinity of the thrombin- 
hirudin complex (2), Recombinant desirudin is 
produced in Escherichia coli and yeast and 
lacks the sulfate residue on tyrosine-63, with 
the consequence that its affinity toward throm- 
bin is decreased by one order of magnitude (to 
Kd 2 x l<r l * mol/L) relative to the natural sul- 
fated form (Table 9-1) (5). Nonetheless, with 
the exception of natural hirudin, desirudin has 
by far the highest affinity toward thrombin of 
all known antithrombins. 

The efficacy of hirudin was believed until 
recently to be based on direct thrombin inhi- 
bition and especially on the interruption of 
thrombin generation by inhibiting the positive 
feedback that thrombin exerts through multi- 
ple mechanisms on its own generation. When 
assembled on lipid (e.g., platelet membranes), 
the prothrombinase complex generates throm- 
bin 280,000 times faster than when each com- 
ponent is present in solution, Self-amplifica- 



TABLE 9-1 . Affinity for thrombin of 
&xperimentai antithrombins 





Kd of thrombin-lnhibltor 


Inhibitor 


complex (mol/L) 


r-Hirudin 


2.0 x1Q' 13 


DuP 714 


4.1x10*" 


Hirulog 


2.3 x10 s 


PPACK 6 


3.7 x 10 6 


Argatroban 


3.9 X 10 8 


Hirugen 


1.5 X10 7 



Thrombin and PPACK (D-Phe-Pro-ArgCH 2 CI) form 
an Irreversible, covalent band after initial, reversible as- 
sociation in a complex with the indicated Kd (dissocia- 
tion constant). 
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rion of thrombin through activation of 
platelets and factors V, VIII, and X is thought 
to be critical for the generation of thrombin in 
concentrations necessary for effective hemo- 
stasis and thrombosis (6,7). Heparin (8) and 
the specific antithrombins (7) are thought to 
block thrombin generation through interrup- 
tion of this positive feedback. However, doubt 
has been cast on this latter mechanism by the 
demonstration that thrombin generation in 
vivo proceeds relentlessly in the presence of 
desirudin and other antithrombins in animals 
(9) and in humans with stable and unstable 
coronary artery disease (10-12). 

The effects of natural hirudin on the 
platelet-rich thrombus have been studied for 
over 60 years (13). Like all direct antithrom- 
bins, hirudin inhibits thrombin without the 
need for additional cofactors. The notion that 
thrombin may play a pivotal role in the for- 
mation of platelet thrombi was suggested by 
several and disparate early observations: the 
studies with crude hirudin preparations and 
heparin in an ex vivo arteriovenous shunt 
model of "white thrombi" by Shionoya in late 
1 927 (13), the observation that thrombin may 
initiate platelet aggregation in vitro at lower 
concentrations than those required for fib- 
rinogen cleavage (14), and in flow-modeling 
experiments, where thrombin reached 
platelet-active concentrations significantly 
more rapidly compared with the thromboxane 
A2 analogue U-46619 (15). More recently, in 
the porcine carotid injury model, specific 
thrombin inhibition with desirudin com- 
pletely prevented formation (16), and acceler- 
ated lysis (17), of platelet-rich thrombi. In this 
model of platelet-rich occlusive thrombus af- 
ter deep carotid artery injury, desirudin, at ac- 
tivated partial thromboplastin times (APTT) 
two to three times baseline, was found to be 
significantly more effective than heparin (at 
APTT more than fivefold baseline) in accel- 
erating lysis by t-PA, suggesting that throm- 
bosis after deep arterial injury was thrombin 
dependent. Aspirin in this model was ineffec- 
tive as adjunctive to t-PA (17). In a coronary 
electric injury study in the dog, desirudin, at 
APTT values only 1,5 to 2.0 times control, 
was also significantly more effective than as- 



pirin or heparin and prevented coronary 
elusion in six of six animals ( 1 8). Desin 
also prevented thrombus deposition in ex 
corporeal Dacron-grafted arterioven 
shunts (19). Comparing the amount of 
sirudin required for thrombus preventioi 
different thrombosis models (20), it app' 
that the plasma concentration of desirudin 
quired to totally prevent thrombus may 
proportional to the amount of thrombin j 
erated in these models, where an increas 
gradient of thrombin generation (from mo- 
of venous stasis and mild arterial injur 
deep arterial injury by angioplasty in the ; 
was noted (20). Like heparin (21,22), 
sirudin is an effective inhibitor of fibrin d« 
sition at concentrations that do not ai 
platelet deposition. Thus, during disserninj 
coagulation in a rat model, a plasma desin 
concentration of 0. J jJLg/ml was suflicien 
inhibit fibrinogen deposition, whereas a c 
centration of 0.5 ug/ml was required to 
vent deposition of platelets (23). 

Pharmacodynamics and Dose-Findin 
Studies in Humans 

In healthy young volunteers, the term 
half-life of desirudin was found to be 50 1< 
minutes, and the haiflife on the APTT w; 
hours (24,25). In contrast, in older pati 
with stable coronary artery disease and : 
mal renal function (serum creatinine <L 
0.2 mg/dl), both plasma half-life and the f 
life of the APTT prolongation was found t. 
2 to 3 hours (26). In these patk 
plateau/baseline APTT ratios were L5, 
2.3, 2.7, and 2.9, respectively, with desin 
infused without initial bolus at 0.02, 0.05, 
0.2, and 0.3 mg/kg/hr. Interestingly, 62°/ 
77% of the plateau (3 to 6 hours) effect on 
APTT was reached within 30 minutes of 
start of the maintenance infusion. Pla 
concentration of desirudin correlated ■ 
with both the APTT/baseline ratio (r - 0 
and the activated clotting time (ACT) i 
0.80), although there was a considerable o 
lap between baseline ACT and ACT at pla 
desirudin concentrations of less than 1 jug 
Prothrombin times (PT) were insensitiv- 
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plasma desirudin levels, with an international 
normalized ratio (INR) of 2.3 observed only 
with the highest (03 mg/kg/hr) dose. Throm- 
bin times (TT) were beyond the upper range 
( 600 seconds) in nearly all patients. Bleeding 
times were not significantly prolonged in this 
study and only mildly prolonged in another 
trial (26). From these studies, the APTT 
emerged as the best test to evaluate the anti- 
coagulant effect of desirudin, 

Immunogenicity 

Desirudin has very low immunogenic po- 
tential. In repeated administration of recombi- 
nant desirudin to 263 healthy volunteers, in- 
cluding 12% who had a history of previous 
allergy and 1 8% with high levels of total im- 
munoglobulin E, no signs or symptoms di- 
rectly attributable to desirudin were noted, 
and only three of 200 volunteers exposed to a 
second course of desirudin showed an allergic 
reaction. In all but one patient with a pruritic 
erythema, a causative role for desirudin was 
excluded (27). In the same study, specific an- 
tibodies directed against desirudin were de- 
tected in only one of the 263 subjects. Thus, 
repeated doses of desirudin can be considered 
safe. Similarly, antibody formation against 
desirudin was not observed in an older study 
of volunteers (28) or in the aforementioned 
study in older patients with stable coronary 
artery disease (26). 

Clinical Trials of Desirudin 

Trials of Desirudin in Patients Undergoing 

Percutaneous Transluminal Coronary 
Angioplasty for Stable or Unstable Angina 

In a double-blind pilot trial, van den Bos et 
al, randomized 113 low-risk patients with sta- 
ble angina pectoris undergoing percutaneous 
transluminal coronary angioplasty (PICA) to 
a 24-hour infusion of either desirudin 
(RcvascTM Novartis) or heparin (29), All pa- 
tients received 250 to 500 mg aspirin for at 
leasi 4 weeks beginning on the day of PTCA. 
Desirudin was given as a 20-mg bolus fol- 
lowed by an infusion of 0.16 mg/kg/hr, 
whereas heparin was administered as a 



1 0,000-1U bolus followed by 12 IU/kg/hr. The 
two trial drugs were adjusted to a target APTT 
of 85 to 120 seconds. At the end of the infu- 
sion period, an angiography was performed to 
assess vessel patency. Acute closure, leading 
to myocardial infarction and/or coronary 
artery bypass graft (CABG), occurred in 
10.3% of patients randomized to heparin but 
in only 1.4% of patients randomized to de- 
sirudin. Four desirudin patients (5%) devel- 
oped major bleeding at the arterial puncture 
site versus none in the heparin group, in which 
one episode of cerebral infarction occurred. 
Immediately and 24 hours after PTCA, TIMI 
grade 3 flow was present in all desirudin- 
treated patients and, respectively, in 92% and 
91% of heparin-treated patients. None of the 
differences in this small pilot trial reached sta- 
tistical significance, in part because of low 
event rates and the small numbers of patients. 
Desirudin provided more predictable APTT 
prolongations with more patients in the target 
APTT range. Although the prothrombin frag- 
ment 12 levels (an indicator of prothrombin 
generation) were below the upper limit of nor- 
mal in both groups, they tended to be higher in 
the desirudin group (29). 

Based on the results of this pilot trial, it was 
concluded that desirudin can be administered 
safely to patients undergoing PTCA for stable 
angina pectoris. 

Experimental animal studies had suggested 
that a short-term ad^ninistration of desirudin 
may inhibit restenosis at 1 month from angio- 
plasty (30). This hypothesis was tested in the 
large Helvetica study of 1 , 141 patients with un- 
stable angina in which a higher dose of de- 
sirudin than in the pilot study was used (31). 
Desirudin was given as a 40-mg bolus and a 
24-hour infusion at 0.2 mg/kg/hr followed by 
either subcutaneous (s.c.) desirudin (40 mg 
twice daily) or placebo for three consecutive 
days. The heparin dose was a bolus of 10,000 
IU followed by an intravenous (i.v,) infusion of 
15 IU/kg/hr over 24-hour iniusion and two s,c. 
placebo injections per day for 3 days. The inci- 
dence of early (96 hours) ischemic events was 
reduced significantly by desirudin versus he- 
parin (relative risk reduction in the combined 
desirudin groups, 0.61; 95% confidence inter- 
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val [CI], 0.41 to 0.90, p = 0.023), which was 
particular evident for those patients with 
angina at rest: early event rate 21.6% in the he- 
parin versus 53% in patients receiving both i.v. 
plus s.c, desirudin (relative risk reduction 0.41; 
95% CI, 0.21 to 0.78, p = 0.006). There was no 
difference in the incidence of major or minor 
bleeding complications. Prothrombin frag- 
ments 1.2 levels immediately after angioplasty 
were decreased by heparin but not by desirudin 
(31). Seven-month event-free survival (free- 
dom from death, nonfatal myocardial infarc- 
tion or revascularization procedure within 7 
months from PICA) was 673% in the heparin 
group, 63.5% in the hirudin i.v. group, and 
68.0% in the patients treated with i.v. plus s.c. 
hirudin (p = NS). Minimal lumen diameters at 
6 months* follow-up angiography were 1.54 
mm, 1.46 mm, and 1.56 mm, respectively, in 
the three treatment groups. In conclusion, com- 
pared with heparin, desirudin in this trial in un- 
stable angina patients treated with angioplasty 
reduced acute events but neither improved car- 
diac events at 7 months nor produced changes, 
compared with heparin, in the minimal luminal 
diameter at angiographic follow-up* 

Desirudin in Acute Coronary Syndromes 

Pilot Trials of Desirudin in Unstable Angina 
without PTCA 

In a multicenter open-label pilot triaU 166 
patients with unstable angina and angio- 
graphic thrombus were randomized to a 72- to 
120-hour infusion of heparin (50 patients) or 
desirudin (116 patients) at 0,05 mg/kg/hr to 
0.3 mg/kg/hr (32). Heparin was adjusted to an 
APTT of 65 to 90 seconds (28 patients) or 90 
to 110 seconds (22 patients), whereas de- 
sirudin was not adjusted to APTT prolonga- 
tion. APTT prolongations with desirudin at 
0.2 and 0.3 mg/kg/hr were not significantly 
different. Upon repeat angiography at 72 to 
120 hours, patients assigned to desirudin 
(compared with heparin) had an improved 
cross-sectional area of the culprit vessel (p = 
0.08) and a larger minimum cross-sectional 
area (p = 0.028), whereas the improvement in 
T1MI flow grade was not significant (p = 



0.44). Equal angiographic benefit was si 
with desirudin at 0.1 and 0.3 mg/kg/hr, s 
gesting a plateau effect for desirudin at 
mg/kg/hr. Clinical outcomes at 30 days u 
not significantly different Myocardial inft 
tion (MI) developed in 2% of desirudin ; 
8% of heparin patients (p = 0.11). No pari* 
died, and none had intracerebral bleeding 
another major spontaneous bleed. No reho 1 
activation of angina was observed after w 
drawal of desirudin (32)- 

OASIS-1 (Organization to Assess Srr 
gies for Ischemic Syndromes) is a relath 
large pilot study in 368 patients with unsti 
angina or suspected myocardial infaro 
without PTCA (33). Patients were rand 
ized to one of two doses of desirudin 
mg/kg bolus, 0.1 mg/kg/hr over 72 hours; 
0.4 mg/kg bolus, 0.15 mg/kg/hr over 
hours) or heparin (5,000 IU bolus, 1,200 1 
infusion over 72 hours) (14). Overall, 96°/ 
the patients received aspirin. From an effi< 
standpoint, at 7 days there was a trend tov 
lower event Tates in the desirudin groups, 
ticularly in the higher hirudin dose. Wher 
two desirudin groups were combined, f 
was a significant decrease in the combine* 
cidence of death, myocardial infarction, 
revascularization at 7 days. No cerebral Y 
orrhages occurred in the study. There wa 
significant increase in major bleeding e\ 
with desirudin, but the incidence of n: 
bleeding events was higher with desin 
particularly in the higher dose group. 

These promising initial results need t 
confirmed with longer follow-up and in n 
larger randomized studies. Such a stuc 
OASIS-2, which is a 2 x 2 factorial dc 
testing the effects of a single regime 
hirudin versus heparin and warfarin v< 
placebo in 8,000 patients with uns 
angina. The endpoints are death, myoca 
infarction, and refractory angina. 

Pilot Trials of Desirudin as Adjunct t 
Thrombolysis in Myocardial Infarctic 

In the open-label TIMI 5 pilot stuc 
acute myocardial infarction treated with i 
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loaded t-PA 5 aspirin, and either heparin or de- 
sirudin, 1 62 patients received a 5-day infusion 
of escalating desirudin dosage (0,05 to 0.2 
mg/kg/hr). Eighty-four received heparin ad- 
justed to 65 to 90 seconds (34). Although, the 
difference inTIMI grade 2 and 3 flow was not 
significantly different between desirudin and 
heparin at 90 minutes (82.1% versus 78.6%, 
respectively), it reached significance at 18 to 
26 hours (97.8% versus 89.2%, respectively, p 
< 0.01) due to a decrease in reocclusion rates 
(1.6% versus 6.7%, respectively, in patients 
receiving desirudin and heparin, p < 0,07) and 
a higher rate of reperfusion in the desirudin 
group. Major spontaneous hemorrhage oc- 
curred in 4*7% of heparin-treated versus 1.2% 
of desirudin-treated patients. Intracranial he- 
morrhage occurred in one heparin patient 
(34). 

Patients in the TIMI-6 pilot trial were ran- 
domized to streptokinase (SK), aspirin, and 
desirudin or heparin. Desirudin appeared as 
safe as heparin, but the higher doses of de- 
sirudin (0.3 mg/kg bolus followed by 0.1 
mg/kg/hr) was associated with a trend toward 
lower rates of death, reinfarction, cardiogenic 
shock, and congestive heart failure (35), 



Large-Scale Randomized Multicenter 
Trials with Desirudin in Patients with 
Acute Myocardial Infarction 

Results of the GUSTO-IIa, TIMI-9A and 
HIT-HI Trials 

Because the phase II pilot trials suggested 
that desirudin and heparin, at the doses tested, 
were safe, two large-scale heparin controlled 
studies— TIMI-9A (36) and GUSTO-IIa 
(37) — were started in patients with acute my- 
ocardial infarction with the same brand name 
of desirudin (Revasc™) and in a third trial 
coded HIT-m (38) with another recombinant 
hirudin (Lepirudin™). In the first two, de- 
sirudin was administered as a 0.6 mg/kg .i.v. 
bolus followed by a fixed-dose infusion of 0.2 
mg/kg/hr for 96 hours (TIM1-9A) or for 72 to 
120 hours (GUSTO-IIa). All patients received 
aspirin. In the much smaller HIT-III trial, pa- 



tients were randomized to a 48- to 72-hour in- 
fusion of desirudin (HBW023, Lepirudin™) 
at a dose of 0.4 mg/kg i.v. bolus, followed by 
an iniusion of 0.15 mg/kg/hr or a bolus of 70 
IU heparin/kg followed by 15 IU/kg/hr. A 
front-loaded alteplase protocol was used, and 
all patients received aspirin; 15% of patients 
in TIMI-9A received SK. In HIT-III, but not 
in GUSTO-IIa or TIMI-9A, the dose of de- 
sirudin was adjusted to achieve APTT values 
two to 3.5 times baseline. 

When 2,564 patients with acute myocardial 
infarction had been enrolled in GUSTO-Ha, 
the trial was halted because intracranial bleed- 
ing rates of 0.9% and 1.9% with alteplase 
(with heparin or desirudin) and the astonish- 
ingly high rates of 2,7% and 3.2% with SK 
(with heparin or desirudin) were up to two 
times greater than GUSTO-1 (0.7%). Simi- 
larly, when 757 had been enrolled in TTMI- 
9A, this trial was suspended because of a high 
rate of cerebral bleeding (L9% and 1.7% in 
patients given alteplase with heparin or de- 
sirudin, respectively). 

Intracranial bleeding rates in the HIT-m 
trial were 3.4% in the 154 patients receiving 
recombinant hirudin but none in the group re- 
ceiving heparin (38). All hemorrhagic strokes 
in HIT-III occurred within 24 hours of the 
start of treatment. In TIMI-9A and HIT-III tri- 
als, patients with major bleeding treated with 
desirudin tended to have higher median APTT 
values 12 hours after the start of treatment 
than did those without major bleeding. 

In HIT-m, but not in GUSTO-IIa or TMI- 
9A, adjustment of the study drug to an APTT 
prolongation of two to 3.5 times baseline was 
recommended. In addition to front-loaded t-PA 
(or SK in 15% of TDvU^a patients), all pa- 
tients in these three trials received aspirin. In 
contrast to GUSTO-1, where 50% of patients 
had an APTT below the target range of 60 to 85 
seconds, a weight-adjusted heparin regimen 
was used in GUSTXMIa and TIMI-9A (pa- 
tients weighting less than 80 kg and >8 0 kg, re- 
spectively, 1,000 and 1,300 IU/hr) with titra- 
tion to a target range of 60 to 90 seconds. This 
strategy resulted in a 20% increase in the total 
amount of heparin given. Heparin in HIT-III 
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was weight adjusted (70 lU/kg followed by 15 mg/kg/hr was apparently as effective as high 

lU/kg/hr), In TIMI-9A, major' spontaneous doses in both unstable angina and myocardi 

noncerebral hemorrhage occurred in 7.0% and infarction in pilot studies (32-35), GUSTi 

3.0%, respectively (p < 0,02). A baseline crea- lib (40) andTIMI-9B (41) were restarted cor 

tinine of more than 1.5 mg/day, older age, paring low anticoagulant doses of desirud 

lower body weight, and a higher APTT (100 (0.1 mg/kg i.v. bolus of desirudin, followed 1 

seconds versus 86 seconds in nonstroke pa- 0.1 mg/kg/hr) or heparin (1,000 lU/hr not a 

tients) were associated with bleeding in de- justed to body weight). In addition, both h 

sirudin patients, suggesting that reduced renal parin infusion and desirudin infusion were a 

clearance of desirudin could have contributed justed to a reduced target APTT range of 55 

to the higher bleeding risk. In GUSTO-IIa, 85 seconds (TIMI-9B) (instead of 60 to * 

there was a trend toward increased intracere- seconds) and 60 to 85 seconds (GUSTO-II 

bral bleeding with age, female sex, and greater (instead of 60 to 90 seconds) because APT 

APTT prolongation (12-hour APTT 110 and values above 100 seconds clearly were asso 

87 seconds, respectively, in patients with and ated with increased risk of intracerebral hei 

without stroke, p = 0.03 1 ). This contrasted with orrhage. It was expected that down-titration 

the hemorrhagic stroke rates in GUSTO- 1 desirudin and adjustment to APTT values . 

(0.57% with Lv.- heparin plus SK and 0.7% only two to three times baseline may take b 

with i.v. heparin plus t~PA). The incidence of ter advantage of the lower anticoagulants 

hemorrhagic stroke in GUSTO-IIa patients not tithrombotic ratio of desirudin compared w 

receiving thrombolytic treatment was also tela- heparin. This had been clearly established 

tively high (0.3%, all of which were patients preclinical studies in which desirudin \* 

randomized to desirudin). Stroke on throm- more effective than heparin at APTT rat: 

bolytics occurred at a median time of 8 hours several times lower than those achieved w 

after start with desirudin and after 17 hours high-dose heparin (16,17,19), Perhaps mc 

with heparin (p = NS). important for the investigators, the Americ 

HIT-III was also stopped when an imbal- unstable angina multicenter trial also had si 

ance in the incidence of hemorrhagic stroke gested a plateau effect for the desirudin do; 

became apparent. The incidence of confirmed of 0.1 mg/kg/hr (32). 
cardiac rupture was 2% in desirudin versus 



0.6% in heparin patients. Overall spontaneous ofGVSTO-Hb and TIMI-9B 



bleeding (other than intracranial) occurred in 

2.7% of desirudin versus 1,3% of heparin pa- The results of GUSTO-IIb on 12,142 ] 

tients. All hemorrhagic strokes (all on de- tients were disappointing. The primary co 

sirudin) occurred within the first 24 hours af- bined endpoint of death or nonfatal myoc 

ter treatment start. HIT-III patients bleeding on dial infarction or reinfarction at 30 days v 

desirudin had a median APTT of 106 seconds similar in desirudin-treated patients (8.9%) 

versus 76 seconds in those who did not bleed, in the heparin group (9.8%, p « 0.06). He 

The early plasma desirudin levels produced by ever, at 24 hours the same endpoint was s 

the 0.6 mg/kg bolus appeared to be in excess nificantly different in favor of desiru- 

to what has been predicted in a phase I trial of (1 .3% versus 2. 1%, p = 0.001), but this ( 

patients with stable coronary artery disease ference did not persist up to 30 days, Th 

and normal serum creatinine (39). were no significant differences in the ir 



In view of these results and of the observa- dence of moderate bleeding (8.8% ver 
tion that infusion of desirudin at a dose of 0.1 7.7%, p = 0.03), 



Rationale of the Reduced Desirudin 
and Heparin Doses in 
GUSTO-IIb and TIMI-9B 



dence of serious bleeding (1.2% versus 1.1 
p « 0.43), but intracranial bleeding occur 
more often in desirudin-treated patients (0.. 
versus 0.2%, p = 0.24). Desirudin therapy ^ 
associated with a significantly higher ir 



The same desirudin brand and dose was 
used in the 3,002 patients enrolled in TIMI- 
9B as in GUSTO-IIb. Intravenous desirudin 
or heparin were administered for 96 hours. 
The primary endpoint was a 30-day incidence 
of death, myocardial infarction, congestive 
heart failure, and shock. In contrast to the re- 
sults of the GUSTO-IIb trial, there was no sig- 
nificant difference in TIMI-9B in the primary 
endpoint between either desirudin (12.8%) or 
heparin (1L8%) or in the incidence of death 
and myocardial infarction (9.6% versus 
93%). Similarly, there was no significant dif- 
ference in major bleeding events (4.6% versus 
5.3%) between treatment groups. Intracranial 
bleeding occurred in 0.4% of the desirudin 
patients and 0.9% of the heparin patients. 

Combined analysis of the results of both 
megatrials suggests a modest but significant 
reduction of 13% (p = 0.026) in the (^in- 
farction incidence with desirudin at 30 days 
(corresponding to an absolute reduction' of 
nine events per 1,000 patients treated) without 
a striking effect on mortality. Among the 
12,142 patients in GUSTO-IIb, 3,457 (28.5%) 
were treated with thrombolytics. Among 
them, 3,289 had presented with ST-segment 
elevation at the time of enrollment. They were 
treated at the investigator's discretion with ei- 
ther t-PA (2,274 patients) or SK (1,015 pa- 
tients) and randomized to receive either he- 
parin or hirudin as guided by the main 
GUSTO-IIb randomization. For the 1,015 pa- 
tients receiving SK, a marked 40% reduction 
in the primary endpoint, death/reinfarction at 
30 days, was demonstrated in patients treated 
with hirudin (8.6%) compared with heparin 
(14.4%) (odds ratio [OR] - 1.78, 95% CI = 
12.0 to 2.66, p = 0.004). For the patients re- 
ceiving t-PA (n = 2,274), there was only a mi- 
nor (5.5%) reduction in the primary endpoint 
(30-day death/myocardial infarction) for ac- 
celerated t-PA reduced from 10.9% with he- 
parin to 10.3% with hirudin (OR = 1.06, 95% 
CI = 0.81 to 1.38; p - 0.68, for treatment het- 
erogeneity, x 2 = 4.45, p = 0.03), suggesting a 
significant treatment effect in outcomes spe- 
cific for SK-treated patients who were ran- 
domized to hirudin rather than heparin (42). 
Thus, a favorable treatment interaction of SK, 
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but not t-PA, with hirudin, was demonstrated. 
These findings, coupled with recent trials 
combining SK and direct thrombin inhibitors, 
provide support for the importance of throm- 
bin activity after therapy with this plasmino- 
gen activator. 

Lessons Learned from the Large-Scale 
Trials with Desirudin in Patients 
with Acute Myocardial Infarction 

The set dose of desirudin was obviously too 
high in GUSTO-IIa andTIMI-9A. This could 
possibly have been predicted from the dose- 
ranging TIM1-5 trial, where the highest dose 
of desirudin (0.6 mg/kg bolus followed by 0.2 
mg/kg/hr infusion for 120 hours) was associ- 
ated with a significant risk for major hemor- 
rhage (29.4%) compared with lower desirudin 
doses (10.9%) (34). Also inTIMI-6 the same 
high dose of desirudin resulted in a higher 
rate of major bleeding (29%) compared with 
the lower doses of desirudin (13%, p = 0.007). 
This highest dose tested in phase II trials was 
probably selected in GUSTO-2a and TIMI-9A 
in view of the lack of a dose-response rela- 
tionship in the three phase II pilot trials. 

This decision was also based on the finding 
in GUSTO-I and in other trials that subthera- 
peutic anticoagulation was associated with 
lower infarct-related coronary patency. In- 
deed, weight-adjusted heparin (more than 80 
kg: 1,300 IU/hr) was used in GUSTO-2a and 
TIMI-9A because approximately 50% of pa- 
tients receiving i.v. heparin in GUSTO-I had 
APTTs below the predefined range of 60 to 
85 seconds, with the majority of these pa- 
tients weighing more than 80 kg. Considering 
the high incidence of cerebral bleeding, the 
heparin dose also was decreased in GUSTO- 
IIb andTIMI-9B to lower APTT target values 
and was not weight adjusted further. More- 
over, the infusion of desirudin instead of be- 
ing fixed was now adapted to the same APTT 
target values as for heparin (60 to 85 sec- 
onds), a range that is lower than in GUSTO-Ia 
and TIMI-9A (60 to 90 seconds). 

The bolus dose of desirudin was drastically 
decreased from 0.6 mg/kg (in GUSTO-lTa and 
TIMI-9a) to 0.1 mg/kg in GUSTO-IIb and 
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TIMI-9B because 39% of the major hemor- 
rhagic events occurred within 24 hours of ini- 
tiation of thrombolysis and study drug treat- 
ment in the former studies; moreover, 
desirudin-treated patients experience major 
bleeding earlier in the course of treatment 
than heparin-treated patients in TIMI-9A 
(mean 8 hours versus 17 hours). It is possible 
that the dose of hirudin in GUSTO-Ilb and 
TIMI-9B has been reduced too much to ob- 
tain therapeutic efficacy in the clinical end* 
points. Of note, in the subsequently reported 
but not fully published OASIS trial using an 
intermediate dose of desirudin (a bolus of 0.4 
mg/kg followed by an infusion of 0.15 
mg/kg/hr), the incidence of bleeding was 
twice as high in the desirudin group as in the 
heparin group (43). The latter trial was con- 
ducted in another group of patients (unstable 
angina and suspected myocardial infarction), 
with another brand of recombinant hirudin 
(HBW 023) and in the absence of throm- 
bolytic treatment This suggests that there is a 
narrow therapeutic window for recombinant 
hirudin. 

Another explanation for the disappointing 
therapeutic results of GUSTO-Ilb andTTMI- 
9B could be the short duration of hirudin in- 
fusion. In TIMI-9B all the beneficial results 
were evident within the first 24 hours; beyond 
that point, the event-rate curves neither di- 
verge nor converge. For equivalent fib- 
rinopeptide A levels (reflecting thrombin ac- 
tivity), a greater reduction in prothrombin 
fragment 1+2 (Fl+2) levels (reflecting throm- 
bin generation) is seen with heparin compared 
with desirudin, even at high doses 
(2,39,43,44). In contrast, for equivalent Fl+2 
levels, a greater reduction in fibrinogen pep- 
tide A (FPA) levels is seen with hirudin com- 
pared with heparin (45). Thus, hirudin at 
medium and high doses has a relatively 
smaller effect than heparin in the feedback- 
amplifying mechanisms leading to prothrom- 
binase generation and thrombin formation. 
The accumulation of thrombin at a thrombo- 
genie surface (ruptured coronary plaque) may 
have detracted from the ability of desirudin to 
inhibit the activity of thrombin. Although the 



proposal of a longer infusion of desirudin : 
attractive, the lack of clinical benefit ol 
served in the TIMI-9A trial, in which antia 
agularion was administered an average < 
30% longer than in TIMI-9B (120 hours ve 
sus 96 hours), makes this possibility le: 
probable. 

A third possibility is the rebound hyperc< 
agulability noted after cessation of antithron 
botic therapy in patients with coronary sy: 
dromes as observed after withdrawal ■ 
argatroban, heparin, bivalirudin, and d 
sirudin. 

A fourth possiblity is that mixing patien 
with and without ST elevation may not be a 
propriate because the mortality rate in p 
tients without ST elevation at 24 hours 
about one quarter of that of patients with S 
elevation. 

Because of the worse performance of hig 
dose desirudin, compared with heparin, as i 
hibitor of thrombin generation (10-13,42,4 
and its failure to inhibit the wave of thromt 
generation triggered by thrombolytics (4* 
additional interventions blocking thromt 
generation, including heparin itself, factor" 
inhibitors, or inhibitors of tissue factor, m 
be required to further address this issi 
Nonetheless, as earlier mentioned, the potc 
tial for the direct thrombin inhibitors to : 
ducc activation of protein C may represent £ 
other inherent limitation of all members 
this class of drugs. Furthermore, the Ilb/I 
platelet receptor antagonist does induce 
moderate inhibition of thrombin generation 
reflected, in the case of abciximab (ReoP 
Eli Lilly and Company, Indianapolis, IN), i 
prolongation of the ACT by about 35 secoi 
when used during percutaneous revasculari 
tion procedures (46), To a mild degree this 
also true of aspirin (47). Experimental e 
dence also indicates that combined admir 
tration of relatively low doses of platelet 
ceptor and thrombin inhibitors may 
efficacious (48). Whether such combinati< 
will be tested in clinical trials in the future 
mains to be seen, especially in view of the 1 
recurrent event rates with present antithrc 
botic regimens of thrombin inhibitors (b 
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heparin and desirudin), aspirin, and plasmino- 
gen activators. 

Desirudin in Deep Vein Thrombosis 

Recombinant desirudin has been used for 
the prevention and treatment of venous 
thromboembolism. 

Desirudin was evaluated in two consecutive 
studies performed in patients having total hip 
replacement The aim was first to find the op- 
timal dose of desirudin (10, 15 or 20 mg s.c. 
twice daily) in comparison with unfraction- 
ated heparin (5,000 ILJ s.c, three times daily) 
(49) and second to investigate whether the ef- 
ficacy and safety of desirudin (15 mg s.c. 
twice daily) could compete with a low molec- 
ular weight heparin (enoxaparin, 40 mg daily) 
in patients undergoing total hip replacement. 
Both trials were prospective, randomized, and 
double-blind and all regimens were started 
preoperatively and trial drugs administered 
s.c. for 8 to 12 days. The main efficacy para- 
meter was the presence of deep venous 
thrombosis verified by mandatory bilateral 
phlebography at the end of the prophylaxis 
period. The phlebography was evaluated cen- 
trally Safety was mainly evaluated by blood 
loss and transfusion requirements. In the first 
study the rates of proximal deep venous 
thrombosis in 1,120 patients were 19.6% for 
unfractionated heparin and 8.5%, 3.1%, and 
2.4% for desirudin 10 mg, 15 mg, and 20 mg, 
respectively (p < 0.01). 

The 15-mg dose of desirudin provided the 
best benefit/risk ratio and was selected for the 
next investigation in 2,079 patients with total 
hip replacement. The incidence of proximal 
deep venous thrombosis was 7.5% and 4,5% 
in the enoxaparin and the desirudin groups, 
respectively (p < 0,02) with a relative risk re- 
duction of 40%, The safety profiles of the reg- 
imens were comparable. The results from this 
trial shows that the desirudin provides a ben- 
efit/risk ratio superior to that of Iow-molecu- 
lar-weigbt heparin. 

Two small pilot trials of desirudin for the 
treatment of established deep vein thrombosis 
failed to show significant changes in lower 



limb venography after 5 days of treatment 
(50,51). The performance of desirudin versus 
low molecular weight heparin in the preven- 
tion and treatment of thromboembolism has 
not been tested in clinical trials. 

Desirudin in Heparin-Induced 
Thrombocytopenia 

Immunc-mcdiatcd heparin-induced throm- 
bocytopenia, an uncommon and severe compli- 
cation of heparin therapy, may be associated 
with venous and arterial thromboembolism. 
Desirudin has been used in a small trial of he- 
parin-induced thrombocytopenia as an alterna- 
tive to heparin, with resolution of thrombocy- 
topenia and clinical complications (52). 

Neutralization of Desirudin 

Bleeding with hirudin should prompt im- 
mediate arrest of the desirudin infusion, and 
consideration should be given to the adminis- 
tration of DDAVP, a vasopressin analogue. 
Experimentally, DDAVP shortens the APTT 
and bleeding time prolonged by desirudin 
(53-55). In human volunteers, DDAVP, when 
given over 15 minutes in a dose of 0.3 |xg/kg, 
has been shown to reduce the prolongation of 
APTT after desirudin administration (56). 
Prothrombin complex concentrate has been 
shown to reduce the bleeding response to de- 
sirudin, but cannot be recommended at this 
time. When bleeding is life threatening, con- 
sideration should be given to hemodialysis, 

HIRUGEN 

Modelled on the C-tenriinal fragment of 
hirudin, hirugen is a synthetic dodecapeptide 
comprising the 1 2 terminal residues of 
hirudin that block the fibrinogen binding site 
(the anion-binding exosite) of thrombin; the 
molecule contains sulfated tyrosine to in- 
crease its thrombin affinity (Fig. 9-2), Hiru- 
gen (BG 8863) inhibits thrombin, forming an 
inhibitor complex of substantially lower affin- 
ity (about 50 times) compared with hirudin 
(K D of 1.5 x l(r- 7 mol/L versus 0.2 X 10" 12 
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mol/L for r-hinidin). In vitro, hirugen com- 
petitively inhibits thrombin-mediated fibrino- 
gen cleavage and platelet activation (57,58). 
Because it does not block the active site of 
thrombin, hinigen does not block thrombin 
mediated by dialysis of low molecular weight 
synthetic substrates. 

In experiments with exteriorized arteriove- 
nous shunts in baboons, hirugen prevented ex 
vivo platelet deposition in low-shear flow 
chambers connected to chronic arteriovenous 
shunts of baboons but failed to affect ex vivo 
platelet deposition on collagen type I-coated 
tubing at a dose of 75 mg/kg (APTT fourfold 
baseline) (59). 

Presently, no clinical studies with hirugen 
are underway because its antithrombotic activ- 
ity is much less potent compared with hirudin 
and with the follow-up molecule hirulog, 

BIVALIRUDIN 

Coupling of peptides that mimic the car- 
boxyterminal of hirudin to peptides that are 
specific for inhibition of the catalytic site of 
thrombin (D-Phe-Pro-Arg) has led to the de- 
velopment of a chimeric molecule termed bi- 
valirudin (BG 8967, brandname Hirulog, 
Biosen, Cambridge, MA), in which the 
amino-terminus consists of the catalytic site- 
directed tetrapeptide, whereas the carboxy- 
terminus consists of the 12 terminal residues 
of hirudin. The two moieties are linked to- 
gether by a bridge of glycine residues of vari- 
able length, and the whole molecule com- 
prises 20 amino acids (60,61). Thus, 
bivalirudin inhibits thrombin by binding to 
both its catalytic site and its anion-binding ex- 
osite, conferring specificity to these mole- 
cules for thrombin. Its Kd toward thrombin is 
2.3 x 10" 9 mol/L (Fig. 9-2). Bivalirudin is a 
direct and specific inhibitor of free (fluid 
phase) and clot-bound thrombin. The hiru- 
log-thrombin complex is only transient be- 
cause thrombin, once complexedL can slowly 
cleave the Arg3-Pro* bound on the N-terminal 
extension with catatytic rate constant (Ac at ) = 
0,012 seconds- 1, This metabolic cleavage 
contributes to its short half-life on the APTT 



of about 23 to 36 minutes (62,63), Only 20 ( 
of hirulog is excreted in the urine, indicatit 
an extensive hepatic catabolism or proteolys 
at other sites. Newer noncleavable bival 
rudins have been synthesized containing a | 
homoarginine at the scissile bond. As ft 
other direct thrombin inhibitors, there is r 
antidote for bivalirudin. 

In animal models of venous thrombosis, a 
terial thrombosis, and thrombolysis, biva! 
rudin demonstrated greater antithrombotic a 
tivity than heparin (64-68). 

Pharmacodynamics and 
Dose-Finding Studies 

Phase I studies in healthy volunteers show 
a dose-dependent prolongation of the API 
with a 15-minute Lv. infusion of bivalirudin 
0.05 to 0.6 mg/kg, resulting in APTTs from 1 
± 0.08 to 2.8 ± 0.55 times baseline (3). Wh 
0.3 mg/kg/hr of bivalirudin was infused duri 
12 or 24 hours, peak APTT ratios were 2,1 
2.5. There was a good, although not linear, a 
relation between APTT and bivalirudin plasi 
concentrations. In turn, there is a linear re 
tionship of total bivalirudin dose administer 
to the effect area for its anticoagulant activi 
Thrombin times (too sensitive) and prothro 
bin times (not sensitive enough) were not u 
ful in titrating the dose of bivalirudin* After 
infusion, the half-life was 24 minutes witl 
volume of distribution of 13.0 and a clearar 
rate of 419 ± 37 mVmin (63). There is no m- 
surable effect of aspirin on bivalirudin anti« 
agulant activity, and bivalirudin does not a) 
the effect of aspirin on template bleeding th- 
in a dose-finding study in 45 patients i 
dergoing routine cardiac catheterization 
good correlation was confirmed between 
APTT and plasma bivalirudin levels (r = 0/ 
(69). The APTT was prolonged to 1.8 and 
times baseline, respectively, 15 minutes al 
starting i.v. bivalirudin at 0.05 mg/kg (bol 
followed by 0.2 mg/kg/hr and 0. 1 5 mg/kg ( 
lus) followed by 0.6 mg/kg/hr. No ira 
hematoma or thrombotic complications 
curred at both doses. FPA levels were s 
pressed during the hirulog administratior 
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doses that, compared with heparin, caused 
less elevation inAPTT, PT, and ACT 

In a dose-escalating pilot study, Lidon et al. 
(70) evaluated bivalirudin in 55 patients with 
unstable angina who also received aspirin and 
triple antiischemic therapy. Bivalirudin was 
administered in escalating dosages of 0.02 to 
0.5 mg/kg/hr, increased every 30 minutes for 
72 hours. With dosages up to 1 mg/kg/hr, only 
one patient of 20 experienced recurrent chest 
pain. The APTT in angina-free patients aver- 
aged 55.6 ± 6 seconds. Plasma FPA levels 
were suppressed at dosages of 0.25 to 0.5 
mg/kg/hr. The APTTs decreased to baseline 4 
hours after discontinuation of hirulog. There 
was no rebound elevation of FPA at that time. 
Neither interaction with i,v. nitrates nor a cu- 
mulative effect were noted when bivalirudin 
was administered for up to 5 days* 

The TIMI-7 pilot trial was designed to eval- 
uate whether a dose response existed in the ef- 
ficacy of bivalirudin in conjunction with as- 
pirin in patients with unstable angina (71). 
Four hundred ten such patients were random- 
ized to receive i,v. bivalirudin 0.02, 0.25, 0.5, 
or 1 mg/kg/hr for 72 hours, in addition to oral 
aspirin (325 mg/day). There were no signifi- 
cant differences between the different dose 
levels for the occurrence of the primary effi- 
cacy composite endpoint "unsatisfactory out- 
come" (death, nonfatal myocardial infarction, 
recurrent ischemia pain at rest with ECG 
changes, or rapid clinical deterioration neces- 
sitating emergency angiography/revascular- 
ization within 72 hours), which occurred in 
6.2% to 11.4% of patients in each group. 
However, nonfatal myocardial infarction or 
death during hospitalization occurred in sig- 
nificantly fewer patients who received one of 
the three higher doses of bivalirudin com- 
pared with those who received 0.02 mg/kg/hr 
(3.2% versus 10% of patients, respectively), 
this difference being still present at 6 months' 
follow-up. Bivalirudin was investigated as an 
adjunct to thrombolysis with the goals of ac- 
celerating drug-induced thrombolysis and to 
prevent thrombus progression and vessel re- 
occlusion, Lidon et al (72) randomized 45 
patients to bivalirudin (0,5 mg/kg/hr without 



prior bolus, reduced to 0.1 mg/kg/hr after 12 
hours) or heparin (1,000 IU/hr) added to SK. 
At 90 and 120 min, TIMI grade 2 and 3 flow 
was observed in 77% and 87% of patients 
treated with bivalirudin, respectively. TIMI 
grade 3 flow was present at 120 min in 77% 
of bivalirudin versus 40% of heparin patients. 
In patients receiving heparin plus SK, the cor- 
responding rates of TIMI 2 and 3 flow were 
47% for both time points (p < 0.05 for the 90- 
minute point and p < 0.01 for the 120-minute 
point). Bleeding complications occurred in 
12% of bivalirudin recipients versus 27% of 
heparin recipients (no significant difference). 
There was only one intracerebral hemorrhage, 
which occurred in the heparin group. APTTs 
peaked at three and four times baseline, re- 
spectively, with bivalirudin and heparin, prob- 
ably secondary to the fibrinolytic effect of 
SK, as plasma drug levels were not higher 
than predicted from phase I studies. 

In another pilot study, angiographic pa- 
tency of the culprit coronary artery lesion was 
assessed 90 and 120 minutes after the initia- 
tion of SK and aspirin and again after 4 ± 2 
days in 68 patients with acute myocardial in- 
farction (73). Patients were randomized to bi- 
valirudin 0.5 mg/kg/hr for 12 hours followed 
by 0.1 mg/kg/hr (low dose), bivalirudin I 
mg/kg/hr for 12 hours then placebo (high 
dose), or to heparin 5,000 IU bolus then 1,000 
IU/hr titrated to an APTT two to 2.5 times 
control after 12 hours. At 90 minutes, TIM 
grade 2 or 3 was observed in 96% of low-dose 
bivalirudin recipients versus 79% of high- 
dose bivalirudin and 46% of heparin recipi- 
ents (p « 0.006). Respective TIMI 3 flow 
grade rates were 85%, 61%, and 31% of pa- 
tients (p = 0,008). At 120 minutes, respective 
TIMI 2 or 3 rates were 100%, 82%, and 62% 
(p = 0.046), and TIMI 3 rates were 92%, 68%, 
and 46% (p = 0.014). At 90 minutes the rela- 
tive risk for restoring TIMI flow grade 3 was 
2.77 with low-dose bivalirudin compared 
with heparin (p < 0.001) and 1.4 compared 
with high-dose bivalirudin (p = 0.04). Patients 
who received a placebo infusion after 12 
hours experienced more clinical events and 
reocclusion during the following 4 days than 
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did patients in the other groups. In this trial, 
bivalirudin yielded higher patency rates when 
used in conjunction with SK and aspirin in the 
early phase of acute myocardial infarction. 
High bivalirudin doses are unnecessary and 
may be less effective than lower doses. This 
suggests that too much thrombin inhibition 
may be harmful. 

Therapeutic Trials in 
Patients Undergoing PTCA 

In a multicenter trial, Topol et al. evaluated 
bivalirudin in 291 patients undergoing elec- 
tive angioplasty and pretreated with aspirin 
(74). After bolus administration, a 4-hour in- 
fusion of bivalirudin at 0.6 to 2,2 mg/kg/hr 
was given. The results show a dose-dependent 
effect of bivalirudin toward reduction of acute 
complications (death, fatal evidence for 
abrupt closure) in that patients receiving one 
of the three lower doses had 10.2% acute 
complications compared with 3.3% in pa- 
tients receiving the two higher doses of bi- 
valirudin. Although there was a trend toward 
a dose-related increase in APTT prolongation, 
there was a wide overlap between APTT of 
different doses. No statistically significant 
ACT level was associated with complete pre- 
vention of acute coronary closure. There was 
no prolongation of the bleeding time, and no 
patient developed life-threatening bleeding. 
Acute closure within 24 hours was inversely 
related to the himlog dose and was 3.9% for 
the 1.8- and 2.2-mg/kg/hr dosecombined. 

In a much larger Hirubg Angioplasty 
Study, bivalirudin at high dose (1 .0 mg/kg i.v. 
bolus followed by a 4-hour infusion at 2.5 
mg/kg/hr and a 14- to 20-hour infusion at 0.2 
mg/kg/hr) was compared with heparin (1,750 
U/kg bolus followed by an 1 8- to 24-hour in- 
fusion of 1 5 TU/kg/hr) during coronary angio- 
plasty for unstable or postinfarction angina in 
4,098 patients, all on aspirin (75). Bivalirudin 
did not significantly reduce the incidence of 
the primary composite study endpoint (death, 
in-hospital death, myocardial infarction, 
abrupt vessel closure, or rapid deterioration of 
cardiac origin) (11.4% versus 12.2% for he- 
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parin) but did result in a lower incidence c 
bleeding (3.8% versus 9.8%, p < 0,001). In 
prospectively stratified subgroup of 704 pe 
tients with postinfarction angina, bivalirudi 
therapy resulted in a lower incidence of th 
primary endpoint (9.1% versus 14.2%, p 
0.04) and a lower incidence of bleeding (3.0 C . 
versus 11.1%, p < 0.001), but in a similar ct 
mulative rate of death, myocardial infarctio: 
and repeated revascularization in the 
months after angioplasty (20.5% verst 
25,1%, p = 0.17). 

Of the 4,098 patients of this trial, 573 hi 
angiographic evidence of coronary thrombi 
(filling defect, ulcerations, or occlusion). P 
tients with thrombus had higher rates 
abrupt closure (13.4% versus 8.4%, p 
0.001) and myocardial infarction (5.1% vc 
sus 3.2%, p = 0.03) than did those witho 
thrombus. The incidence of myocardial i 
farction and abrupt vessel closure was iden 
cal with both anticoagulants in patients wi 
thrombus-containing lesions (76). This clu 
cal analysis suggests that the direct thromt 
inhibitor bivalirudin is equivalent to hi£ 
dose heparin for thrombus-containing lesic 
assessed by angiography. 

The Hirulog Early Repcrfbsion/Occlusi 
(HERO) trial evaluated two doses of 
valirudin with heparin in 412 patients w 
acute myocardial infarction treated with ! 
(43). Heparin, 5,000 IU bolus followed 
1,000 to 1,200 IU/hr titrated to APTT, or lc 
dose bivalirudin (0, 125 mg/kg bolus follov 
by 0.25 mg/kg/hr for 12 hours then 0J 
mg/kg/hr) or high-dose bivalirudin (0 
mg/kg/hr followed by 0.5 mg/kg/hr for 
hours then 0.25 mg/kg/hr) were administe 
in a random fashion. TIMI grade 3 flow at 
to 120 minutes was achieved in 35% of 
heparin patients and in 48% of the high-d 
bivalirudin patients (p = 0,03). Of patif 
who presented within 6 hours of symptom 
set, 40% achieved a TIMI-3 flow at 90 n 
utes, 49% with low-dose bivalirudin, and 5 
with high-dose bivalirudin. Among th 
treated within 3 hours of symptom on 
death, cardiogenic shock, or recurrent : 
ocardial infarction had occurred in 17.9°/ 
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the heparin patients and 14% of the low-dose 
bivalirudin patients at 35 days. Major bleed- 
ing occurred in 28% of heparin patients, 14% 
of low-dose bivalirudin patients, and 19% of 
high-dose bivalirudin patients, A large-scale 
randomized trial is now planned. 

Thus, high-dose bivalirudin is just as effec- 
tive as high-dose heparin in preventing is- 
chemic complications in patients who under- 
went PTCA for unstable angina, but it carries 
a 60% Lower risk of bleeding. Bivalirudin, as 
compared with heparin* reduces significantly 
the risk of immediate ischemic complications 
after PTCA in patients with postinfarction 
angina, but this difference was no longer ap- 
parent after 6 months, Bivalirudin appears to 
be more effective than heparin in promoting 
early patency in myocardial infarction pa- 
tients treated with SK, without increase in 
risk of bleeding. 

Trials for the Prevention and Treatment 
of Deep Venous Thrombosis 

The effect of bivalirudin on the production 
of prothrombin fragments 1 and 2 was studied 
in patients with calf vein thrombosis. A single 
injection, either 1 mg/kg s.c. or 0.6 mg/kg as 
a 15-minute i.v. infusion induced an incom- 
plete and temporary suppression of prothrom- 
bin Fl+2 (77). Five dosage regimens of s.c. 
bivalirudin were tested in the prevention of 
postoperative venous thrombosis after hip or 
knee surgery: 03 mg/kg every 12 hours, 0.6 
mg/kg every 12 hours, 1,0 mg/kg every 12 
hours for 3 days followed by 0.6 mg/kg every 
12 hours for up to 11 days, 1.0 mg/kg every 
12 hours, and 1.0 mg/kg every 8 hours (78). 
One hundred seventy-seven patients who had 
technically adequate bilateral venography or 
objectively documented pulmonary embolism 
were included in the primary analysis of effi- 
cacy. The highest dosage regimen (1.0 mg/kg 
every 8 hours) provided the lowest rates of to- 
tal (17%) and proximal deep vein thrombosis 
(2%), both of which were significantly lower 
(p = 0.010 and p = 0.023, respectively) than 
the pooled rates of total (43%) and proximal 
(20%) deep vein thrombosis seen with the 



first four regimens. Bleeding rates were low 
(less than 5%) with all regimens. This study 
demonstrates that 1 .0 mg/kg bivalirudin every 
8 hours started postoperatively is potentially 
efficacious and safe for the prevention of 
deep vein thrombosis after major hip or knee 
surgery. 

HIRUNORM 

Several peptide analogues of bivalirudin 
have been synthesized addressing the very is- 
sue of metabolic stability through modifica- 
tion of the amino acid composition of the 
spacer arm or of the NH2-terminus, and by 
rendering nonhydrolyzable the critical peptide 
bond. In vitro activity and stability data for 
these compounds have been published 
(81 ,82). This novel class of specific thrombin 
inhibitors termed "hirunorms" is the result of 
a different strategy to the same target, that is, 
to imitate as far as possible hirudin's tridi- 
mensional approach, to the sites on thrombin 
surface avoiding the characteristics of a par- 
tial substrate proper to hirulog-I and ana- 
logues (83). 

Hirunorm is a 26-amino acid computer- 
modeled synthetic peptide (84). It is equipo- 
tent to bivalirudin and 1/30 as potent as de- 
sirudin in blocking a-thrombin amidolytic 
activity (IC50 = 10 dh 2, 15 ± 1, and 0.3 ± 0,1 
nmol/L, respectively), but it does not affect 
trypsin, plasmin, and t-PA activities at 10 
jimol/L, Hirunorm inhibits clot-bound throm- 
bin to clots prepared by thrombin hydrolysis 
of purified fibrinogen in buffer. Hirunorm 
and hirulog show similar species-dependent 
potency in doubling basal in vitro clotting 
times of human, rat, and rabbit plasma 
(EC200 varied 70 to 200 nmol/L forTT, 0.7 to 
16 umol/L for APTT, and 0.8 to 17 ujnoi/L 
for PT), whereas destrudin was always at least 
three times more active, Hirunorm was stable 
against a-thrombin and plasma hydrolases, 
but it was catabolized by rat liver and kidney 
enzymes. 

Venous thrombosis was produced in anes- 
thetized rats by vena cava ligation after a pro- 
coaguiant serum injection. Intravenous and 
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subcutaneous hininorm inhibits venous 
thrombosis at doses (>0.3 mg/kg) three times 
higher than those of r-hirudin, Bivalirudin 
was as active as hirunorrn only after i.v. infu- 
sion. Arterial thrombosis was obtained in the 
anesthetized rat by chemical (FeCb) stimula- 
tion of a common carotid; an i.v. infusion of 
hirunorrn (1 to 3 mg/kg/30 min) inhibited it 
dose-dependently; desirudin was partly active 
only at 3 mg/kg, but hirulog was inactive at 
either dose. Full antithrombotic doses of 
hirunorrn did not affect the bleeding time as 
measured from punctured mesenteric vessels 
in anesthetized rats. This compound appears 
to be a potent peptide thrombin inhibitor en- 
dowed with antithrombotic activity in models 
of venous and arterial thrombosis. 

ARGATROBAN 

Argatcoban (Argipidine, MD-805), a small- 
molecule derivative of the amino acid L-argi- 
nine, was designed to inhibit thrombin di- 
rectly. Its molecular weight (circa 52 6 
daltons) is considerably smaller than hirudin 
(circa 7,000 daltons) and low molecular 
weight heparins (4,500 to 6,500 daltons). This 
arylsulfonylarginine interacts selectively with 
serine and the basic pocket of the catalytic site 
of thrombin along with an adjacent hydropho- 
bic site known as the apolar region of throm- 
bin (Fig. 9-2); concentrations three to four or- 
ders of magnitude higher are required to 
inhibit other serine proteases (Table 9-1). This 
binding of argatroban to thrombin is rapid at 
a diffusion controlled rate (85). In contrast 
with the binding to thrombin of hirudin, 
which is extremely tight and irreversible (dis- 
sociation constant K D = 2.3 X 10~ n mol/L), 
the binding of argatroban to thrombin is fully 
reversible (dissociation constant Ki = 3.9 x 
I0^mol/L)(86). 

Argatroban (brandname Novastan or Slon- 
non) is a 64:36 mixture of 21-(R) and 21-(S) 
diastereoisomers, with the latter being ap- 
proximately twice as potent as the former in 
an in vitro coagulation assay but considerably 
less soluble in aqueous buffer (87). 



TABLE 9*2. Inhibition of serine proteases 
by argatroban 



For enzyme 


K D <hM) 


Thrombin (human) 


0.039 


Thrombin (bovine) 


0,019 


Trypsin 




Faclor-Xa 


210 


Plasmln 


S00 


Kallikrein 


1,500 



Ko» dissociation constant. 



In Vivo Antithrombotic Studies in 
Experimental Models 

Argatroban has been shown to be supei 
to heparin in erythrocyte-rich and platel 
rich thrombosis in several species of arte] 
thrombosis when administered as an i,v. bo 
or as continuous i.v. infusion (88). Compa: 
with heparin, argatroban is significantly m 
effective in the prevention of platelet* 
thrombi after vascular injury and was eff 
tive at APTTs of only two to three times ba 
line control (89). 

In a whole-blood thrombolysis study w 
stenosed femoral arteries in the rabbit, ar 
troban (100 ^g/kg/rnin, APTT 2.5- to 3.0-f 
baseline) accelerated repcrfusion compa 
with heparin (200 lTJ/kg, APTT more tl 
fivefold baseline) to the extent of causin 
significant leftward shift of the t-PA dose- 
sponse curve. Addition of aspirin did not 
celerate thrombolysis by either argatroban 
heparin (89). 

In a whole-blood clot thrombus model 
stenotic canine coronaries, pretreatment v 
argatroban at 200 ug/kg/min (APTTs of sb 
7.6 times control) significantly reduced 
time to lysis by alteplase to 23 minutes cc 
pared with 40 minutes in the aspirin gro 
Addition of aspirin to argatroban did 
shorten time to lysis but reduced the h 
dence of reocclusion by platelet-rich throi 
from 75% to 20% relative to argatroban all 
(90). Argatroban was as effective in i 
model as abciximab in inhibiting the plat 
glycoprotein (GP)IIb/IlIa receptor. 
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In a platelet-rich coronary thrombus model 
after endothelial injury created by electric 
current, acceleration of lysis by alteplase was 
observed in dogs pretreated with argatroban at 
a lower dose (41 jig/kg/min). However, aboli- 
tion of cyclic flow reductions due intermittent 
platelet aggregates required the addition of a 
thromboxane A2/prostaglandin endoperoxide 
receptor antagonist (91). Of note, in an open- 
chest canine model of unstable angina, both 
argatroban and heparin were equally effica- 
cious at abolishing cyclic flow reductions 
caused by the formation or dislodgement of 
platelet-rich, fibrin-poor thrombi in the ab- 
sence of platelet inhibitors (92,93). 

The dose of argatroban that doubled the 
bleeding time (rat-tail transection) was five 
times greater than for heparin (11 versus 2,2 
^Lg/kg/min) (94). 

Overall, in experimental models of arterial 
thrombosis, argatroban achieves in vivo an- 
tithrombotic efficacy comparable with that of 
heparin, but with less systemic anticoagula- 
tion (APTT) and hemorrhagic potential. 

In the Wessler venous thrombosis model 
(thromboplastin plus stasis of the left jugular 
vein) and arteriovenous shunt models in rab- 
bits, argatroban was less active on a weight 
basis than heparin (95). 

Pharmacokinetics and Pharmacodynamics 

In rabbits and dogs, radiolabeled arga- 
troban is cleared from the plasma in a bipha- 
sic manner, with a and J3 elimination half- 
lives of 3 to 6 minutes and 20 to 86 minutes, 
respectively (96). In normal volunteers, the 
elimination half-live is around 30 minutes. 
The majority of the drug is excreted fecally, 
indicating hepatic metabolism and biliary ex- 
cretion (96). The metabolism is hydroxylation 
and aromatization of the 3-methylterrahydro- 
quinoline ring (97). 

Compared with heparin, bolus doses of ar- 
gatroban showed a slowly increasing dose-re- 
sponse effect in normal subjects, with an 
eightfold increase in dose (30 to 240 Hgflcg) 
resulting in only a twofold increase in peak 



APTT (43 to 82 seconds). However, heparin 
showed a pronounced, rapidly rising effect on 
APTT, with a twofold increase in dose (15 to 
30 IU/kg) doubling the peak APTT value (68 
to 269 seconds) and with doses >30 IU/kg of- 
ten associated with APTT values of more than 
400 seconds, which is above the assay detec- 
tion limits (98). 

Figure 9-3 compares the effects of 4-hour 
infusions of various doses of argatroban or 
heparin on APTT. Over a twofold increase in 
dose, heparin displayed a steep dose-response 
curve; argatroban, however, displayed a gen- 
tly rising, predictable response over an eight- 
fold range in infusion dose (98). 

Figure 9-4 compares the time course of a 
combined bolus and continuous i.v, infusion 
regimen (4-hour duration) for argatroban 
(250-^lg/kg bolus and 10-|ig/kg/rnin infusion) 
and heparin ( 125-TJ/kg bolus and 0.3- 
U/kg/mm infusion) on HemoTec ACT (98). 
Both drugs rapidly induced increases in ACT 
over baseline values. Argatroban maintained 
the ACT values at steady levels for 4 hours; 
the response with heparin, however, de- 
creased during the infusion, likely a result of 
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FIG- 9-3. Pharmacodynamic effects of continu- 
ous infusions (4-hr duration) of heparin (open 
squares) and argatroban (filled circles) on the 
mean APTT (± SEM) in nine normal subjects. 
The doses used were as follows: argatroban, 
1.25, 2.5, 5.0, and 10.0 jig/kg/min; heparin, 0.15, 
0,20, 0.25, and 0.30 lU/kg/mln. (From Schwartz 
el al., ref. 98, with permission.) 
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FIG* 9-4. Comparative effects of combined bolus injection continuous infusion (4~hr duration) of h 
parin (open squares) or agratroban (filled circles) on the mean HemoTec ACT for nine normal su 
jects. (From Schwartz et aL, ret. 9B, with permission.) 



the release of platelet factor 4 from activated 
platelets, which interferes with the binding of 
heparin to antithrorabin IIL 

The effects of renal impairment, age, and 
gender on the pharmacodynamics of arga- 
troban have been studied. No significant ef- 
fects were observed, but there was a trend to- 
ward an increased risk for bleeding events in 
patients with an APTT of more than 90 sec- 
onds, particularly in elderly, low body weight 
patients (especially female patients), and pa- 
tients with renal impairment (99, 100). 

Clinical Development 

The first clinical pilot study with argatroban 
(Novastan, Mitsubishi Kasai Corp., Midori- 
ku, Yokohama, Japan) was in 43 patients with 
unstable angina/non-Q wave myocardial in- 
farction. Argatroban was infused over 4 hours 
(0.5 to 5.0 jig/kg/mm), which resulted in a 
dose-dependent increase in APTT and effec- 
tively prevented recurrences of ischemic 
episodes, in the absence of aspirin (101). 
However, it was reported that cessation of 
therapy was associated with "rebound" throm- 
bin generation (as measured by levels of 
plasma thrombin-antithrombin complex 
(TAT) and with an early dose-related recur- 
rence of unstable angina. One should remem- 
ber that abrupt termination of a thrombin in- 
hibitor increases thrombin activity (as 
measured by FPA formation) but not thrombin 



generation (as measured by the formation 
either TAT or prothrombin fragment ¥\S 
The short duration of the argatroban infusii 
(4 hours) may be criticized for a condition 
which the tendency toward thrombosis i 
mains for days (102). No decrease in plasr 
TAT concentration was observed during t 
argatroban infusion, questioning whether i 
TAT increase observed after cessation of arg 
troban therapy is artifactuai and no elevati- 
in plasma FPA was observed after cessation 
therapy, as would be expected in a hypercoa 
ulable state (103). However, it is also possil 
that the dissociation of the drug from thromt 
(argatroban is a competitive inhibitor) allow 
regeneration and a rebound of thrombin (10 
It remains to be established in larger tri. 
whether argatroban offers a favorable clinii 
profile in unstable angina and non-Q W£ 
myocardial infarction* 

There is limited published experience w 
argatroban in PTCA patients. In order to ( 
fine the optimal dose, 30 patients undergoi 
PTCA for stable or unstable angina were sti 
ied at four different dose regimens (10 
Study endpoints were the occurrence of cli 
cal cardiac events, bleeding complicatio 
coagulation tests, and qualitative angiogr 
interpretation. All patients underwent cont 
angiography 18 to 24 hours after PTCA. 1 
group with the highest argatroban dosage 
ceived 250 Jig/kg iv, bolus followed by a 
hour infusion of 15 |ig/kg/min. At 4 hours 
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infusion rate was lowered to 3.8 jig/kg/min 
and continued for 68 hours. TT, APTT, and PT 
were significantly related to argatroban 
plasma levels (R-square 0.64, 0.71, 0.84 by 
regression analysis, respectively). Fl+2 and 
TAT did not relate to argatroban plasma lev- 
els. Five patients experienced a cardiac event, 
and there were two cases of prolonged bleed- 
ing at a puncture site, one false aneurysm, and 
one epistaxis occurring under heparin and 
acenocoumaron 3 days after stopping arga- 
troban requiring transfusion. This pilot trial 
identified an apparent safe and adequate dose 
regimen that is presently being evaluated in a 
double-blind, 2:1 randomized comparative 
trial versus heparin (Argaplasty trial). 

In a pilot trial, i,v. argatroban was assessed 
versus unfmctionated heparin as adjunctive 
therapy to the accelerated regimen of al- 
teplase in 1 12 patients with acute myocardial 
infarction (106). Argatroban was given as a 
bolus of 100 Hg/kg before the start of throm- 
bolytic therapy followed by an infusion of 3 
pg/kg/min. Heparin was administered as a bo- 
lus of 5,000 RJ followed by an infusion of 
1,000 IU/hr titrated against APTT, The TIMI 
grade 3 patency rate at 90 min was 56% in the 
argatroban group and 67% in the heparin 
group, a nonstatistical difference. Larger tri- 
als are required to decide the optimal dosage 
of argatroban and to assess its angiographic 
and clinical efficacy compared with unfrac- 
tionated heparin. 

Two multicenter, randomized, blinded, con- 
trolled clinical trials are assessing the efficacy 
and safety of argatroban as adjunctive therapy 
to thrombolytic agents in the treatment of 
acute myocardial infarction. The Argatroban 
in Myocardial Infarction (AMI) study has en- 
rolled 400 patients with a diagnosis of my- 
ocardial infarction within the first 6 hours of 
onset of symptoms. All patients received as- 
pirin and SK and were randomized to receive 
either high-dose argatroban (3.0 |ig/kg/min), 
low-dose argatroban (1.0 flg/kg/min), or 
placebo for 48 to 72 hours. The dose of arga- 
troban is to be titrated downward if the APTT 
exceeds 90 seconds. Patients were followed 
for 30 days to assess the incidence of death, 
acute myocardial infarction, recurrent angina, 



need for coronary revascularization proce- 
dures (PTCA or CABG surgery), and new-on- 
set congestive heart failure. In a substudy of 
an additional 180 patients, patency of the cul- 
prit coronary artery was assessed angiograph- 
ically at 90 and 120 minutes afler initiation of 
therapy. 

A second trial, the Myocardial Infarction 
with Novastan and t-PA (MINT) Study was 
terminated. One hundred twenty patients were 
enrolled with the same diagnostic criteria as 
in the AMI trial. All patients received aspirin 
and accelerated t-PA and were randomized to 
one of three groups: (a) high-dose argatroban 
(3,0 |Xg/kg/min) ? (b) low-dose argatroban (1.0 
flg/kg/min), or (c) heparin for 48 to 72 hours. 
As in the AMI study, patency of the culprit 
coronary artery was assessed angiographic 
cally at 90 and 120 minutes after initiation of 
therapy. 

One pivotal multicenter trial investigating 
the safety and efficacy of argatroban in pa- 
tients with heparin-induced thrombocytope- 
nia (HIT) has been completed. 

EFEGATRAN 

Efegatran sulfate (GYKI 14766, LY 
294468), a tripeptide aldehyde (mePhe-Pro- 
Arg-H) is an arginal catalytic-site inhibitor of 
thrombin (107). It is a reversible, competitive, 
tight-binding inhibitor (108). No time-depen- 
dent effects were observed for interactions of 
efegatran with thrombin, suggesting that there 
are no slow-binding interactions of practical 
consequence. 

Table 9-3 shows that a concentration of 20 
ng/ml of efegatran is required to double the 
TT, but over 1,000 ng/ml is required to pro- 
long the PT and APTT. The functional antico- 
agulant selectivity for an inhibitor can be esti- 
mated by a ratio of the concentrations that 
prolong by twofold the APTT and the TT; such 
APTT/TT effect ratios are shown in Table 9-3. 
For efegatran the APTT/TT ratio is 55, which 
means that 55-fold higher concentrations are 
required for APTT prolongation (109). 

These data suggest that hirudin and efega- 
tran, although both are direct-acting inhibitors 
of thrombin, act differently on the APTT 
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TABLE 9-3, Human plasma anticoagulant concentration for two-fold prolongation 
of thrombin time, prothrombin time, and APTT 



Thrombin time 



ng/ml nmoi/L Prothrombin time (ng/ml> APTT (ng/ml) Ratio of APTT/TT 

Efe^ ^ ft 1,380 1.050 55 . 

Native hirudin 109 ±4 16 1,800 2B0 2.5 

Recombinant hirudin 126 ±17 18 3£0o 340 2 ' 7 

Control TT, 32 seconds; control FT, 1 8 seconds; control APTT, 32 seconds. From Smith et a1 M ret. 1 09, with pe r 
mission. 



pathway, possibly by inhibiting a different 
APTT element in addition to thrombin inhibi- 
tion, or by differently affecting a thrombin- 
mediated function in the APTT pathway. Hy- 
pothetically, different effects on the thrombin 
feedback activation of factor V or factor VIII 
could cause the observed anticoagulant differ- 
ences. More speculatively, if thrombin activa- 
tion of protein C should prove to be an ele- 
ment of the APTT pathway and clotting rate, 
then different inhibition of this process by 
hirudin and efegatran could cause the ob- 
served APTT/TT selectivity differences. 
However, the observed anticoagulant func- 
tional difference is apparently exclusive to the 
APTT pathway because such functional dif- 
ferences between hirudin and efegatran were 
not observed in their respective effects on the 
PT pathway and no different effects of efega- 
tran and hirudin could be found in the inhibi- 
tion of other protease clotting factors 
(109-1 11). Therefore, the anticoagulant func- 
tional selectivity difference found between 
efegatran (APTT/TT ratio in the range of 30 
to 55) and hirudin (APTT/TT ratio about 2 to 
3) remains unexplained. The practical result 
of the mechanistic difference is that upon in- 
creasing doses of efegatran in vitro, in animal 
studies and in clinical use, theTT will become 
progressively and markedly prolonged with- 
out initially affecting the APTT. 

In Vivo Studies in 
Animal Thrombosis Models 

Efegatran, given in a constant infusion, was 
tested in a canine model of coronary artery 
thrombosis. Efegatran produced dose-depen- 



dent anticoagulant effects in the anesthetize* 
dog (1 12,113). Efegatran at a median dose o 
1.0 mg/kg/hr caused a more than 10-fold in 
crease in TT, but only a 1,7-fold increase i 
APTT. Peak APTT changes were I A ± 0.02 
1.5 ± 0.07, 1.6 ± 0.1, 2A ± 0.2, and 3.3 ± 0.2 
fold with 0.25, 0.5, 1,0, 2.0, and 4.0 mg/kg/t 
efegatran, respectively. When the infusion c 
efegatran was stopped, APTT and TT returne 
to normal within the 2-hour washout perio< 
All doses produced significant prolongatior 
in time to total thrombotic occlusion. Tli 
dose-response curve resembled more of a 
"all or none" profile with 0.5 mg/kg/hr efeg; 
tran producing a time to occlusion of 205 ± 2 
mm compared with 213 ± 14 min for the 4. 
mg/kg/hr efegatran dose group. Templa 
bleeding times were significantly increas* 
only at the high dose of 4.0 mg/kg/hr efeg? 
tran. Baseline template bleeding times in ef 
gatran-treated groups were 144 ± 5, 139 ± 
133 ± 10, and 126 ± 8 seconds for 0.25, 0. 
1.0, 2.0, and 4.0 mg/kg/hr, respectively. 

In the same dog model of coronary arte: 
thrombosis, the combination therapy wi 
mirumum effective doses of efegatran e 
hanced the antithrombotic efficacy compart 
with heparin (1 14). 

Efegatran was an effective anticoagula 
when used as an adjunct during SK-induc- 
thrombolysis in the anesthetised dog (1 13), 
dose-dependent anticoagulant effect in t 
presence of SK was observed on TT a: 
APTT. Peak TT increases were 526 ± 66 sc 
onds and 793 ± 85 seconds versus baseli 
values of 37 ± 1 and 36 ± 1 seconds with C 
and 1 .0 mg/kg/hr efegatran, respectively. Pe 
APTT increases were 76 ± 6 and 125 ± 4 s« 
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onds versus baseline values of 34 ± 1 and 35 
± 1 seconds with 0.5 and 1 .0 mg/kg/hr efega- 
tran, respectively. Time to reperrusion in re- 
sponse to SK-induced thrombolysis was 46 ± 
10 minutes, whereas control dogs had no 
reperrusion. All animals receiving SK with ei- 
ther efegatran or ASA alone, or the combina- 
tion of efegatran and ASA demonstrated 
reperrusion of their coronary artery. In the 
groups receiving SK alone and SK and 0.5 
mg/kg/hr efegatran, all vessels that reper- 
fused, reoccluded. The time to reocclusion for 
the SK alone group was 89 ± 23 minutes. 
Even though all animals receiving 0.5 
mg/kg/hr efegatran reoccluded their coronary 
artery, the time to reocclusion was signifi- 
cantly longer (156 ± 19 nun, p < 0.05) when 
compared with the SK alone group. In the 
group receiving 1.0 mg/kg/hr efegatran, the 
time to reocclusion was significantly pro- 
longed (198 ± 12 minutes). In the group re- 
ceiving SK and ASA, the time to reocclusion 
was 141 ± 32 min, not significantly different 
from the SK-treated group. The best antireoc- 
clusivc efficacy was observed in the group re- 
ceiving SK, 0.5 mg/kg/hr efegatran, and ASA. 
All vessels exposed to this regimen were 
patent at the end of the experiment (4 hours). 

Thrombolytic therapy with SK in the dog 
produced a significant increase in template 
bleeding time (316 ± 50 sec versus 140 ± 10 
sec, p < 0.05) (114). Anticoagulant anoVor an- 
tiplatelet therapy with efegatran and ASA had 
no significant additive effect on template 
bleeding time beyond that induced by SK 
alone. 



Studies in Human Volunteers 

with a 15-minute i.v, infusion of efegatran 
in human volunteers, a dose of approximately 
0.025 mg/kg was required to double the TT 
value. TT was a specific and extremely sensi- 
tive measure of the anticoagulant activity of 
efegatran. The upper limit of quantification 
for TT (120 seconds for the automated 
method chosen) was exceeded at doses above 
0. 1 mg/kg, making interpretation of the anti- 



coagulant effect of efegatran, in terms of TT 
prolongation, more difficult. At higher dose 
levels of efegatran (0.225 mg/kg to 0.3 
mg/kg), APTT values were prolonged in a 
dose-dependent fashion. Immediately before 
the tenmnation of the 15-minute efegatran in- 
fusion of 0.3 mg/kg, APTT prolongation 
ranged from 175% to 238% of baseline. The 
offset of anticoagulant effect (measured by 
prolongation of APTT) after cessation of drug 
infusion was rapid, with a pharmacologic 
half-life for efegatran of approximately 30 
rninutes. 

Prolonged i.v. administration of efegatran 
(0.2, 0.4, 0.6, and 0.8 mg/kg/hr) produced 
dose-related anticoagulant activity with no 
accumulation of effect. For all infusion rates, 
except 0.2 mg/kg/hr, the TT was prolonged to 
greater than the 120-second limit of the auto- 
mated technique used; however, dose-related 
prolongations of APTT were observed. The 
anticoagulant effect of efegatran, measured 
by APTT prolongation as a percentage of 
baseline values, correlated in a linear fashion 
(p < 0.001) with the rate of infusion of efega- 
tran, irrespective of the duration of infusion. 

The template bleeding time was used in 
healthy male subjects as a surrogate assess- 
ment of bleeding risk. Bleeding times fell 
within the reference range for the method (2 
to 10 minutes), irrespective of the dose level 
or duration of infusion of efegatran studied In 
a few individuals, sporadic prolonged bleed- 
ing time measurements were recorded, with- 
out clear evidence of a dose-response rela- 
tionship to efegatran. Prolonged bleeding 
times had returned to baseline by the time a 
follow-up assessment was made 6 hours post- 
termination of infusion. 



Clinical Studies 

The preclinical and clinical pharmacology 
of efegatran was recently reviewed (115). 

Safety and anticoagulant properties of efe- 
gatran were studied at three dose levels in 36 
patients with unstable angina (116). Three 
groups of 10 patients have been treated with a 
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loading dose of 0.1 mg/kg in combination 
with a 48-hour infusion of 0.10, 032, and 
0.63 mg/kg/hr, respectively. Six patients were 
randomly allocated to receive APTT-adjusted 
unfractionated heparin (5,000-IU bolus fol- 
lowed by 1,000 lU/hr). In contrast to treat- 
ments with heparin, no APTT overshoot at 0.5 
hour was apparent. 

At these dose levels, efegatran has been 
clinically well tolerated. One patient at the 
highest dose received 2 U packed ceils for a 
hematoma after cardiac catheterization. Re- 
current ischemia during infusion occurred in 
four, one, and four patients receiving efega- 
tran at the respective dosages indicated above, 
as well as in three patients receiving heparin. 
No clinically significant prolongations of 
bleeding time have been recorded in any of 
the patients treated through dosages of 0.84 
mg/kg/hr. The estimated clinically effective 
dosage is 0.63 mg/kg/hr. 

APTT measurements show that efegatran 
produces a dose-dependent prolongation of 
APTT as predicted from both preclinical and 
human volunteer data. The APTT effect cor- 
relates linearly with efegatran plasma concen- 
tration. The Lv. half-life of APTT effect and 
efegatran plasma concentration was 35 min- 
utes, and clearance from plasma was rapid 
(0.4 L/hr/kg). Eighty-five percent of the 
steady-state concentrations were achieved 2 
hours after starting a constant rate infusion, 
There is no evidence of accumulation of anti- 
coagulant effect over time. 

Whether efegatran given for 72 to 96 hours 
and adjusted to APTT can reduce the patency 
lag associated with SK was studied in 247 
patients with acute myocardial infarction in 
the randomized, open-label, dose-finding 
ESCALAT study (117). The combination of 
efegatran and SK was compared to t-PA and 
i.v. heparin using angiographic and clinical 
endpoints. The study has been completed but 
not reported. In a second dose ranging trial, 
heparin or escalating dosages of efegatran 
(0.3 to 1.2 mg/kg/hr) were compared in 330 
patients with acute myocardial infarction 
(118), This trial was also completed but not 



reported in detail. Further clinical trials wit 
efegatran are not being pursued. 



NAPSAGATRAN 

Napsagatran (RO 46-6240) is a cycloprop; 
derivative of a novel class of thrombin h 
hibitors bearing a 3-(aminomethyl)- 
amidinopiperidine as an arginine side cha 
mimetic. An attached L-aspartic acid serv 
as template to reach two hydrophic pocke 
near the active site of the enzyme (119). 

Napsagatran is a selective, potent, compt 
itive, and reversible inhibitor of thrombin 
low molecular weight (559 daltons). It i 
Mbits the catalytic activity of thrombin towa 
fibrinogen or the chromogenic substrate 
2238 at picomolar concentrations. In the 
tests the compound is approximately two t 
ders of magnitude more potent than arj 
troban. This activity is also evident in clotti 
tests performed in human plasma such as 1 
TT, PT, and APTT (120). 

Many enzymes of the coagulation sysu 
are closely related to thrombin. Napsagati 
represents one of the most specific synthe 
thrombin inhibitors of small molecu 
weight known today. Specificity for thro 
bin is an important parameter for an . 
tithrombotic compound because interfere] 
with most of the related enzymes is unde: 
able. To estimate the selectivity of napsa 
tran, inhibition of several serine protea 
from different physiologic systems was 
termined. The selectivity ratio of napsa 
tran for trypsin was indicated by the ratic 
Ki for trypsin/Ki for thrombin and amoi 
to 7140 (119-121). The selectivity ratios 
plasmin, t-PA, kallikrein, Cl-esterase, e 
tase and chymotrypsin range from 8,60( 
250,000. 

Napsagatran inhibits clot-bound thron 
and thrombin in solution with equal pote 
whereas hirudin is less active against c 
bound than against fluid-phase thron 
(122). It remains to be seen whether this 
teresting experimental property of naps 
tran will translate into an increased thera; 



SPECIFIC THROMBIN INHIBITORS 



163 



tic benefit in clinical situations of a preexist- 
ing clot. 

Napsagatran efficiently inhibits fibrin de- 
position on tissue factor expressed by human 
endothelial cells. The procoagulant activity of 
tumor necrosis factor-a-stimulated monolay- 
ers of human endothelial cells was studied in 
a flow system with human venous blood using 
desirudin, napsagatran, and heparin. Under 
venous blood flow conditions (at wall shear 
rates of 65 seconds-1), these compounds in- 
hibited fibrin deposition by 50% at concen- 
tration of 14, 28, and 412 ng/ml, respectively 

(123) . 

The shear rate-dependent and perfusion 
time-dependent effect of napsagatran at 100 
jLtg/kg/min on thrombogenesis induced by 
subendothelium of rabbit aorta were studied 
using an ex vivo perfusion chamber system 

(124) . The deposition of fibrin on suben- 
dothelium was completely abolished at shear 
rates of 100, 650, and 2,600 seconds-1 after 5- 
and 30-minute perfusions. In contrast, a sig- 
nificant effect on thrombus formation after a 
5-minute perfusion could be observed only at 
a shear rate of 100 seconds-!, whereas after a 
30-minute perfusion thrombus formation was 
reduced at all three shear rates. These results- 
show that thrombin-mediated mechanisms are 
important in the latter phase of thrombus 
growth in this thrombosis model 

In Vivo Experimental Thrombosis Models 

Napsagatran was compared with heparin in 
a canine model of coronary thrombosis (121), 
Occlusive thrombosis of the left circumflex 
coronary artery was induced by electrical in- 
jury. In parallel, arterial subendothelium was 
exposed to native blood using an annular per- 
fusion chamber for 5, 10, and 20 minutes at a 
wall shear rate of 650/sec. Dogs received 
saline, heparin (40 and 70 IU/kg/br), or nap- 
sagatran (3 and 10 ug/kg/min)« Heparin (40 
lU/kg/hr) and napsagatran (3 ^gfleg/min) de- 
layed or prevented in vivo thrombotic occlu- 
sion, but only napsagatran (10 ^ig/kg/min) 
significantly decreased the intracoronary 



thrombus when compared with saline. High- 
dose unfractionated heparin (70 IU/kg/hr) or 
napsagatran (10 jig/kg/min) decreased the 
platelet-rich thrombus after a 20-minute 
chamber perfusion. Neither heparin nor nap- 
sagatran decreased the thrombus volume after 
a 5-minute perfusion. Heparin (70 IU/kg/hr) 
and napsagatran (10 ]ig/kg/min) prolonged 
the APTT differently (more than six-fold and 
1.4-fold, respectively, p < 0.01), whereas the 
ACT was prolonged equally (2.5-fold). Thus, 
napsagatran in this dog model shows arterial 
antithrombotic effects similar to those of he- 
parin. 

In a guinea pig model of arterial thrombo- 
sis, cyclic variations of blood flow (CFV) in 
the carotid artery were monitored after me- 
chanical damage of the vessel. These CFVs 
indicated build-up and embolization of 
platelet-rich thrombotic masses. Napsagatran, 
desirudin, and heparin applied as an i.v. bolus 
followed by a continuous i.v. infusion pre- 
vented the occurrence of CFVs in a dose-re- 
lated manner (120). Thus, at a dosage of 30, 
50, and 67 jLtg/kg/min, respectively, the com- 
pounds significantly inhibited the occurrence 
of CFVs without prolonging the bleeding 
time. 

The antithrombotic effect of napsagatran 
was also evaluated in an acute in vivo venous 
stasis thrombosis model (Wessler model) in the 
rat ( 12 1). Napsagatran completely inhibited the 
appearance of a clot at a dosage of 3 |ig/kg/min 
(TDioo), A partial inhibition was observed at 1 
jig/kg/min. At these dosages the APTT was 
prolonged 1,6- to 2.5-fold in comparison with 
controls. As expected, recombinant hirudin 
was also fully effective and overall about three 
times as potent as napsagatran. In contrast, as 
compared with napsagatran, about five times 
more heparin was needed for a full inhibition 
(IDioo = 20 (ig/kg/min) and this dose of heparin 
prolonged the APTT 12-fold 

Clinical Studies 

Napsagatran is currently in phase II clinical 
trials to establish its efficacy and safety for 
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preventing postoperative thrombosis as well 
as treating established venous thrombosis. 

INOGATRAN 

Inogatran (H3 14/27) is a synthetic dipep- 
tide with a molecular weight of 439 daltons 
(125). Inogatran selectively, rapidly, and com- 
petitively binds thrombin. In vitro it doubles 
the plasma TT at a concentration of 23 
nmol/L and the APTT at LI uonol/L. Throm- 
bin-induced platelet aggregation is inhibited 
at an ICso of 17 nmol/L. 

Inogatran was evaluated in three rat models 
of thrombosis. In the venous thrombosis 
model, inogatran dose-dependently inhibited 
thrombus formation with a more than 80% an- 
tithrombotic effect at a plasma concentration of 
0.45 umol/L-1 (126). In an arterial thrombosis 
model, inogatran dose-dependently inhibited 
thrombus formation and preserved vessel pa- 
tency and the mean blood flow. Acetylsalicylic 
acid potentiated the effects of low plasma con- 
centrations of inogatran in the arterial throm- 
bosis model. In a model of rt-PA-induced 
thrombolysis of a thrombus in the carotid 
artery, the patency time and the cumulative 
blood flow improved more in the presence of 
inogatran during the 2-hour thrombolysis pe- 
riod than with rt-PA alone. At a high therapeu- 
tic plasma concentration of inogatran, there 
was only a moderate prolongation of bleeding 
time compared with the control value. A study 
was designed to examine the modulation of 
coronary artery reocclusion by inogatran with 
or without aspirin (127). Twenty-two dogs with 
electrically induced occlusive intracoronary 
thrombus were treated with saline or different 
doses of inogatran (up to 0.25 mg/kg bolus fol- 
lowed by 0.6 mg/kg/hr for 2 hours), rt-PA was 
infused for 20 minutes starting 2 minutes after 
the bolus in all dogs. Coronary artery blood 
flow was monitored for 120 minutes after rt-PA 
administration, Reperfusion rates were similar 
in all groups, but the time to reperfusion was 
the longest and the reocclusion rate the lowest 
in the high-dose inogatran group. Aspirin did 
not potentiate the effect of suboptunal doses of 
inogatran. 



Studies in Healthy Male Volunteers 

Inogatran was studied in healthy male hu 
man volunteers with regard to tolerabilit; 
pharmacokinetics, and effects on hemostasia 
It was given i.v. as a bolus in doses up to 0,4 
mg/kg body weight. The highest peak plasm 
concentration observed was 7 jimol/L, corn 
spending to an APTT prolongation of thre 
times. The drug was also given as a constai 
i.v. infusion over 4 hours at a dosage of 0,3 
mg/kg/hr, which resulted in a mean plasrr 
concentration at steady state of 1.9 p,mol/ 
and an APTT prolongation of 2.3 times, Tl 
drug was well tolerated and without side e 
fects with the exception of a slightly increase 
bleeding tendency at the blood sampling sit 
Inogatran had a volume of distribution of 0.1 
ml/kg and a total plasma clearance of 6 
ml/min/kg, resulting in a terminal half-life ■ 
about 1 hour. The drug was not metabolizt 
and it was excreted unchanged with the elir 
ination evenly distributed between urine ai 
feces. Ex vivo the TT was linearly correlate 
to the plasma concentration while the APT 
concentration curve was nonlinear. At i 
highest plasma concentrations a slight prolo 
gation of the capillary bleeding time was se« 
in some subjects. Markers of thrombin acti 
ity (thrombin-antithrombin complex and pi 
thrombin Fl+2) decreased during the co 
stant infusion of the drug. There was no efft 
on fibrinolysis (PAI-1 and t-PA activities) 
protein C. 



Clinical Development 

In an open-design study, 37 patients w 
unstable angina or non-Q-wave infarcti 
were treated within 72 hours of sympto) 
with aspirin and other standard treatment a 
were allocated consecutively to groups rece 
ing a 4-hour infusion with one of three do: 
of inogatran (bolus of 0.035, 0.07, and 0.1 
mg/kg followed by a 4-hour infusion of 0.0< 
0.126, and 0.189 mg/kg/hr) (128). There v 
a predictable dose-response relationship 1 
tween inogatran concentration and AP^ 
Thrombin generation (prothrombin Fl- 
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was suppressed after 4 hours of treatment 
compared with baseline, but thrombin activity 
(fibrinopeptide A) was not suppressed. There 
were no adverse hemodynamic or other ef- 
fects. Minor bleeding was noted in 37% of the 
patients. During the first 4 hours after inoga- 
tran treatment, thrombin activity and episodes 
of ischemia were increased compared with the 
inogatran infusion period. 

Three doses of inogatran were studied in 
[ ,209 patients with unstable angina or non-Q- 
wave myocardial infarction in a randomized 
double-blind study (129). After a bolus of in- 
ogatran (1.10, 2.75, or 5.50 mg/kg) or he- 
parin, infusions continued for 3 days with a 
low (2.0 mg/kg/hr), medium (5,0 mg/kg/hr), 
or high (10.0 mg/kg/hr) dosage of inogatran 
(resulting in APTT prolongations of 1.3, 1.5, 
and 1.8 times baseline at 24 hours, respec- 
tively) or heparin (1,200 IU/hr), A composite 
endpoint of death, myocardial infarction, or 
refractory or recurrent angina at 3, 7, and 30 
days did not show differences between the 
groups* Thus, inogatran at the doses used was 
no better than heparin in preventing ischemic 
coronary events. There was no dose-effect re- 
lationship concerning inogatran. After cessa- 
tion of infusion, hypercoagulability was noted 
in both the heparin and the inogatran groups. 

Further clinical development of inogatran 
has been stopped. 

OTHER DIRECT ANTITHROMBINS 

A variety of other antithrombins have been 
synthesized but no clinical trials have been 
planned. Among them the peptide PPACK (d- 
Phe-Pro-Arg-CH 2 Cl) (RWJ-27755) was 
found to be a highly potent irreversible in- 
hibitor of thrombin by alkylating the active 
center site histidine (130-132). There is a 
rapid loss of activity of this compound due to 
reactions with other plasma components 
f 133). Notwithstanding its antithrombotic ef- 
fect at high doses in different arterial throm- 
bosis models in the rat, dog, and pig, its alky- 
lating properties have considerably tempered 
the enthusiasm for its clinical development. 
Boroarginine derivatives (DuP714) are potent 



antithrombins with a potential for oral 
bioavailability (134). Unfortunately, their 
boron constituent induces liver toxicity. CVS- 
1 123 (or CH 3 CH 2 CH 2 )2-CH^O-Asp(OCH3)- 
Pro-Arg-CHO) is a synthetic peptidometric of 
small molecular weight (575 daltons). It is a 
slow, competitive inhibitor of the amidolytic 
activity of thrombin as well as a potent anti- 
coagulant in plasma in vitro. CVS- 1123 has 
been shown in an anesthetized porcine model 
to be effective in preventing arterial thrombus 
formation (135). The oral antithrombotic effi- 
cacy of this compound, administered for 24 
hours, has been demonstrated in the con- 
scious canine dog to prevent primary throm- 
bus formation after deep arterial coronary 
wall injury (136), 

Other antithrombins still in development 
are hirudisin-hirudin derivatives combining 
blocking of the platelet Ilb/IIIa receptor and 
direct thrombin inhibition. In the hirudisins, 
residues 32 to 35 of hirudin have been re- 
placed by the integrin motif RGDS and 
KGDS, obtaining a potent thrombin inhibitor 
(K D 0. 1 6 to 0.26 x 1 0^ 12 moI/L compared with 
0.2 X 10~ IZ mol/L for desirudin) with addi- 
tional disintegrin activity (137). In addition to 
inhibiting OPIIb/IIIa receptor-dependent 
platelet interactions, the platelet-binding inte- 
grin motif is expected to target the antithrorn- 
bin action of hirudin to platelets, possibly al- 
lowing lower and safer doses of desirudin in 
the treatment of thrombotic disease (138). 
Similarly, desirudin targeted to fibrin by cou- 
pling them to Fab' portions of antibodies di- 
rected against platelet GPIIb/IIIa receptor or 
fibrin P-chain (139,140) may allow for highly 
efficient antithrombosis at doses lower than 
presently required for desirudin. 

Aptamers are oligonucleotides (double- or 
single-stranded DNA or single-stranded 
RNA) some of which bind directly to throm- 
bin with binding affinities in the range of 20 
to 200 nmol/L (e.g., a single-stranded, 15-nu- 
cleotide DNA aptamer) (141). This potent ap- 
tamer with rapid onset of action and short 
half-life has been found to interact with the 
anion-binding exosite of thrombin, so that it 
competes with substrates that interact with 
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that specific site, such as fibrinogen and 
thrombin platelet receptors (142). This ap- 
tamer has been shown to reduce arterial 
platelet thrombus formation in an animal 
model, as well as to inhibit clot-bound throm- 
bin in an in vitro system (143). 

Recently, there has been a report of a novel 
synthetic thrombin inhibitor, CVS #995, com- 
prised of 19 amino acids, in which recogni- 
tion sequences for the catalytic and primary 
exosite binding domains of thrombin have 
been linked by a transition state analogue 
(144), Catalytic inhibition of thrombin is ob- 
tained in the picomolar range for this slow 
and tightly binding thrombin inhibitor. When 
compared with bivalirudin, this agent was su- 
perior at inhibiting platelet aggregation and 
venous thrombosis in a rat model 

A number of lysyl a-ketocarbonyl deriva- 
tives were found to be as potent (on a weight 
basis) as hirudin when evaluated in a rat arte- 
rial thrombosis model (145), Their modest 
oral bioavailability (10% to 19%) suggests the 
possibility that ot-keto amide containing 
thrombin inhibitors may have utility as orally 
active antithrombotic agents. 

The main platelet receptor for thrombin 
(Fig, 9-5) was recently characterized (147) 
and has the unique feature of a tethered lig- 
and. After thrombin binds the receptor 
through a hirudinlike anion-binding exosite, it 
cleaves the receptor to show a new receptor's 
amino acid terminus, which functions as the 
tethered ligand to activate the receptor. The 
molecule of thrombin thus remains free to ac- 
tivate other receptor sites and propagate the 
thrombotic process (148). This receptor has 
been cloned (149). A polyclonal antibody was 
raised against the peptide derived from the 
thrombin-binding exosite region of the cloned 
human thrombin receptor (150). This anti- 
body serves as a selective inhibitor of the 
thrombin receptor, 

CONCLUSION 

1 . Despite interdigitation of residues critical 
to its opposing biologic functions, the 
pro- and anticoagulant properties of 




FIG. 9-5. Mechanism of thrombin receptor ac 
vation. Cleavage by thrombin of the Arg^-Se 
scisslle bond in the native thrombin recep* 
shows the new amino terminal Ser-Phe-L* 
Leu-Arg ... sequence of the receptor, whi 
serves as a tethered agonist ligand that direc 
activates the thrombin receptor, resulting 
postreceptor signaling via specific G proteii 
(From Ogletree, ret 146, with permission.) 



thrombin have been related to fast a 
slow allosteric forms of the enzyme, 
spectively, corresponding to distinct ci 
formational states of the protein. None 
the site-directed thrombin inhibit 
blocks the procoagulant function only. 

. Advantages of all site-directed throm 
inhibitors over heparin are (a) selects 
and rapidity for interacting with fu 
tional domains of thrombin; (b) ability 
inhibit both clot-bound thrombin ; 
thrombin in the fluid phase; (c) indep 
dence of plasma proteins for their acti 
(d) absence of neutralization by nati 
anticoagulants, plasma proteins, endol 
Hum and platelet factor 4; (e) predict* 
pharmacokinetic and pharmacodyna 
profile; and (f) absence of immunolc 
reactions. For none of the specific site 
rected thrombin inhibitors is an antit 
available, and it has proven difficul 
synthetize orally available spec 
thrombin inhibitors. 

S. Desirudin at the low doses used in la 
scale clinical trials in patients with a 
myocardial infarction treated with 
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teplase or SK appears to be at least as ef- 
fective as unfractionated heparin in terms 
of therapeutic benefit. Its therapeutic 
window in this setting is narrow because 
significantly more moderate bleeding oc- 
curs during Lv. desirudin than during un- 
fractionated heparin administration. 

4. In patients with unstable angina, low- and 
medium-high doses of desirudin resulted 
in a trend toward lower event rates at 7 
days compared with unfractionated he- 
parin at the cost of significantly more mi- 
nor bleeding. 

5. All trials to date have studied relatively 
short-term (3 to 5 days) desirudin admin- 
istration. The potential benefits (or lack 
thereof) of longer-term administration of 
desirudin in unstable coronary syn- 
dromes and PTCA remain unknown. 

6. In the prevention of postoperative deep 
venous thrombosis after orthopedic sur- 
gery, desirudin is significantly more ef- 
fective than unfractionated heparin and 
low molecular-weight heparin without in- 
crease in bleeding risk. 

7. There is a large clinical experience with 
bivalirudin in the treatment of unstable 
angina and as adjunctive therapy with 
thrombolytic drugs for acute myocardial 
infarction. Bivalirudin appears to be as 
effective as unfractionated heparin in the 
prevention of acute complications of 
PTCA in patients with unstable angina, 
but is significantly more effective than 
heparin in the cohort of patients with 
postinfarction angina. This advantage is 
associated with a 60% reduction of ma- 
jor bleeding complications. However, 
there was no significant benefit on 
event-free survival at 7 months in the 
subgroup. 

8. Argatroban is more effective than heparin 
in animal models of thrombosis, but it is 
not demonstrated whether this is the case 
in patients. A drawback of the reversible 
thrombin inhibitor argatroban is that an 
infusion of short treatment may induce a 
thrombotic rebound phenomenon after 
cessation of infusion in clinical condi- 



tions in which the tendency toward 
thrombosis persists for days. 
9. The safety and efficacy of hirunorm, efe- 
gatran, and napsagatran remain to be es- 
tablished through ongoing clinical trials. 
The clinical experience with inogatran 
has engendered dismay because no supe- 
riority over unfractionated heparin could 
be demonstrated in a large trial in patients 
with unstable angina or non-Q-wave in- 
farction. 

10. Several of the direct thrombin inhibitors 
also exhibit non-thrombin-mediated ac- 
tions that are responsible for some of the 
additional pharmacologic effects that may 
also contribute to the antithrombotic/hem- 
orrhagic balance. Direct thrombin in- 
ibitors should be considered as a class of 
drugs, each compound having its own 
pharmacologic and therapeutic profile. 

11, Direct thrombin inhibitors are easy to 
use, having a stable anticoagulant activ- 
ity, lack of direct effects on platelet func- 
tion, and uniformity of pharmacologic 
composition and activity, but no antidote 
is available. 
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Today factor Xa targeting is one of the major 
focuses of drug development. The factor Xa 
inhibitor strategy was actually derived, in 
part, from heparin. The low molecular weight 
(LMW) heparins have higher anti-Xa activity 
than antithrombin (AT) activity, whereas he- 
parin has equal factor Xa and thrombin in- 
hibitory activities. An indirect evidence of the 
validity of the hypothesis that factor Xa inhi- 
bition is important for the control of thrombo- 
genesis is given by the clinical antithrombotic 
efficacy of LMW heparins, which contain a 
large proportion of molecules with high 
anti-factor Xa activity (1). Pharmacologic de- 
velopment has now separated these two prop- 
erties so that solely anti-factor Xa or AT 
agents are available. 

The first development of factor Xa in- 
hibitors was met with less interest than throm- 



bin inhibitors. These early inhibitors had low 
affinity to factor Xa, low selectivity, and low 
potency (2,3). Because of the increase in en- 
zymatic activity of the coagulation cascade 
once the prothrombinase complex is formed, 
a potent factor Xa inhibitor is required to have 
an extremely high affinity for the enzyme. 
The first factor Xa inhibitors did not fulfill 
this requirement. 

Potent factor Xa inhibitors have several po- 
tential advantages. Factor Xa is in the com- 
mon pathway of both the intrinsic and extrin- 
sic systems, playing a central role in the 
coagulation pathway, so it is a logical focus of 
drug development for the control of thrombo- 
sis. Factor Xa is formed at an earlier stage 
than thrombin, and the procoagulant effect of 
factor Xa is strongly amplified by the pro- 
thrombinase complex. Factor Xa has no 
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known activity other than as a procbagulant, 
as opposed to thrombin, which has multiple 
activation roles at various plasmatic and cel- 
lular levels (platelets, endothelial cells, 
smooth muscle cells, other cells), not the least 
of which is activation of the protein C in- 
hibitor pathway. Inhibition of protein C by a 
thrombin inhibitor would lead to a reduced 
formation of activated protein C, an important 
natural anticoagulant. 

Because factor Xa has relatively slow acti- 
vation kinetics, as opposed to thrombin, oppos- 
ing its function should result in easier manage- 
ment of the balance between the therapeutic 
and bleeding effects of a drug. From recent 
clinical trials, specific thrombin inhibitors have 
shown to have a relatively narrow safety/effi- 
cacy margin that could lead to an overdose of 
the therapeutic dose with a resultant bleeding 
complication (4,5)- Because of their different 
mechanism of action, factor Xa inhibitors are 
expected to have a belter efficacy/safety pro- 
file than thrombin inhibitors. 

CLASSIFICATION 

Factor Xa inhibitors are structurally di- 
verse, ranging from peptides to proteins to he- 
parin saccharide sequences (6,7). They can 
be either naturally derived, recombinant, or 
synthetic in origin. Molecular size differs be- 
tween the inhibitors, as does specificity and 
kinetics of factor Xa inhibition. The targeted 
binding site on factor Xa can differ between 



the inhibitors; they can be direct binding 1 
factor Xa or indirect via a cofactor such as A 
III. Binding to the enzyme can be either n 
versible or irreversible. The protein inhibito 
are limited in the degree of activity they pre 
duce. Two possible reasons for this limitatic 
are (a) size that limits access of the inhibiti 
to factor Xa bound within clots, and (b) wh< 
thrombin is bound to fibrin, the heparin bin* 
ing site on thrombin is inaccessible for h 
parin. Other mechanisms may exist. Furthe 
more, protein inhibitors tend to 1 
immunogenic, can carry viral or animal cor 
aminants, and can become limited in supplj 
Because of the structural differences, t] 
primary mechanism of action (i.e., direct 
indirect acting on factor Xa as well as oth 
attributes) differs with the various agents. T. 
factor Xa inhibitors that are in developme 
are shown in Table 10-1, Only a few of the 
agents have moved out of the experiment 
and into the clinical realm, 

MECHANISMS OF ACTION 

Coagulation 

The inhibition of factor Xa has multii 
consequences for the plasmatic coagulati 
system (Fig, 10-1) as well as for cellular res 
tions that result in an effective anticoagulati 
and the prevention of thrombotic processi 
Based on the amplification mechanisms in t 
coagulation cascade and the important role 
the prothrombinase complex, highly effect] 



TABLE 10-1. Factor Xa inhibitors 



Agent 



Direct Inhibitors 

Yagin 

Antistasln 

TAP 

NAP-5 

TFPI 

DX-9065a 
SEL2711 

YM^60628 

Indirect inhibitors 
Heparin 
pentasaccharide 



Chemical nature 



Source 



Medicinal leech protein (85 amino acids) Animal derived 

Mexican leech protein (119 amino acids) Recombinant 

Tick protein (60 amino acids) Recombinant 

Hookworm protein Recombinant 

Human protein Recombinant 

Propanoic acid derivative Synthetic 

Pentapeptide produced by Synthetic 
combinatorial chemistry 



Oligosaccharide; requires binding to AT III Synthetic 



Developmental stat 



Terminated 

Terminated 

Preclinical 

Preclinical 

Preclinical 

Phase II clinical trh 

Preclinical 

Preclinical 

Phase II clinical 
trial 
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Factor X 



factor Xa 



FIXa -FVHIa, Phospholipids, Ca + 
Tissue factor -FVIIa 
>4 



UFH, Pentasaccharide /AT; 
NAF-S; TFP1 



Prothrombinase Comply 
Phospholipids 
Factor Va- Factor Xa 



jAntistasin, Yagfn 



^-Vv~[TAP, DX-9D65a] 



Fibrinogen 



. Prothrombin 



Thrombin 



UFH / AT 



FIG. 10-1. Schematic representation of the coagulation cascade and the sites of action of factor Xa 
inhibitors. UFH, unfractionated heparin; AT, antithrombin til; — t inhibition. 



and selective factor Xa inhibitors are expected 
to strongly inhibit the generation of thrombin. 
This is probably the most important mecha- 
nism of factor Xa inhibitors with regard to 
their antithrombotic effectiveness. By this ac- 
tion, thrombin mediated positive feedback re- 
actions such as the activation of the cofactors 
V and VIII that amplify thrombin formation, 
and the effect of thrombin on platelets and 
other cellular elements are also altered. 

Free Versus Bound Factor Xa 

An important aspect of the mechanism of 
the antithrombotic effect of factor Xa in- 
hibitors is their capacity to inhibit clot-bound 
factor Xa. Because of the small size (500 to 
800 daltons) of some of these inhibitors, they 
are able to inhibit bound prothrombinase as 
well as free factor Xa. Tick anticoagulant pep- 
tide (TAP) is particularly capable of inhibiting 
bound factor Xa, 

Remnants of intravascular thrombi, known 
to induce activation of the coagulation sys- 
tem, may play a role in rethrombosis and 
restenosis after coronary thrombolysis. Pre- 
existing thrombin, which is bound to fibrin 
and re-exposed during thrombolysis, has been 
thought to be the primary mediator of throm- 
bus-associated procoagulant activity; thus, 



thrombin inhibitors such as hirudin may be 
useful agents to prevent the recurrence of 
thrombosis after thrombolysis (8). However, 
recent results indicate that other clotting fac- 
Lors such as factor Xa are also bound to whole 
blood clots. Therefore, activation of pro- 
thrombin by clot-associated factors Xa/Va can 
significantly contribute to the procoagulant 
activity of intravascular thrombi (9). 

The activity of clot-bound factor Xa is resis- 
tant to inhibition by AT III and AT Ill-depen- 
dent inhibitors such as the heparin pentasac- 
charide (due to its size or other mechanisms) 
(9,10). On the other hand, the activation of pro- 
thrombin can be inhibited by direct acting fac- 
tor Xa inhibitors such as TAP as well as by tis- 
sue factor pathway inhibitor (TFPI) (10,1 1). 

Restenosis 

The inhibition of the proliferation of vascu- 
lar smooth muscle cells (VSMCs) also may be 
controlled by factor Xa. Migration and prolif- 
eration of VSMCs as a reaction to injury of 
the endothelium and the resulting formation 
of a neointima mainly contribute to the devel- 
opment of restenosis and atherosclerosis. 
Platelets, thrombin, and other components of 
the thrombotic process are important factors 
in neointimal formation (12-15). 
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The serine protease thrombin is known to 
exert, besides its action in the plasmatic coag- 
ulation system, several cellular effects via the 
reaction with its specific receptor. By this 
mechanism it activates platelets and acts as a 
strong mitogen for endothelial cells, VSMC, 
fibroblasts, and macrophages. In limited stud- 
ies on mitogenesis in cultured rat VSMCs, it 
was shown that factor Xa is also a potent mi- 
togen that stimulates DNA synthesis and cell 
growth in VSMCs (16,17), 

Most probably factor Xa exerts its effect in- 
directly via the platelet-derived growth factor 
(PDGF) receptor tyrosine kinase pathway. Fac- 
tor Xa stimulates VSMCs to release pre-exist™ « 
ing PDGF, which then, through the receptor ty- 
rosine kinase pathway, leads to the activation of 
mitogen-acnvated protein kinases (MAPK) 
which are well-characterized intracellular me- 
diators of cell proliferation (16). This action of 
factor Xa on VSCM seems to be related to its 
serine protease activity because in the presence 
of specific factor Xa inhibitors such as anti- 
stasin and TAP the mitogenic effect of factor 

Xa is blocked (16,17)- 

VSMCs proliferation, which is mediated by 
factor Xa, also might play an important role in 
reocclusion and restenosis after angioplasty in 
vivo. Therefore, specific inhibition of factor 
Xa can be expected to limit iutirnal hyperpla- 
sia after damage of the vascular endothelium 
and, thus, to diminish the restenosis rate after 
successful angioplasty. 

Under experimental conditions the specific 
factor Xa inhibitors antistasin and TAP have 
been shown to limit restenosis after balloon 
angioplasty (18,19). A 2-hour intusion of an- 
tistasin resulted in significantly less resteno- 
sis and less luminal narrowing by plaque mea- 
sured 28 days after balloon angioplasty of 
atherosclerotic femoral arteries in rabbits 
compared with controls (18). In a porcine 
model of severe coronary artery injury, a 
short-term administration of TAP for 60 hours 
resulted in a long-term decrease in neointimal 
thickness measured 28 days after injury (19). 

These results implicate specific factor Xa 
inhibitors as effective substances to reduce 
neointimal hyperplasia either by preventing 



the mitogenic effects of factor Xa and/or 1 
inhibiting the generation of thrombin whh 
by itself is also a potent mitogen. 

DIRECT INHIBITORS 
Antistasin 

, Antistasin, purified several years ago fro 
the Mexican leech (Haementeria officinali 
has an apparent molecular weight of 17,0i 
daltons (20)* Due to antibody formation, 
has fallen out of developmental interest and 
no longer being developed. It inhibits fad 
, Xa by forming a stable enzyme-inhibii 
complex (21). Antistasin was more effecti 
at prolonging the prothrombin time (PT) th 
was hirudin, but only slightly less effecti 
than hirudin at prolonging the activated p: 
rial thromboplastin time (APTT) (6). 

Yagin 

Yagin, an 85-amino acid peptide isolai 
from the medicinal leech {Hirudo medi 
nalis\ has 50% homology with antistasin 
is a slow, tightly binding inhibitor of fac 
Xa, where the inhibition is a time-depend 
reaction effected by the order of addition 
components (22). Optimization of product 
methods is in progress. 

Tick Anticoagulant Peptide (TAP) 

TAP was originally isolated from the 1 
Ornithodorus moubata. It is now produ' 
through recombinant technology, I 
60-arnino acid peptide (6,850 daltons) i 
slow, tightly binding inhibitor of human fac 
Xa that inhibits the enzyme via a two-s 
mechanism. Initially it forms a relati\ 
wealc complex with factor Xa, followed fc 
more stable en2yme-inhibitor comj 
(23,24). TAP is characterized by a m 
higher affinity of the inhibitor to the enz> 
when it is assembled in the prothrombir 
complex with an appropriately lower inh 
tion constant (Ki value 0.006 nmol/L vei 
0,18 nmol/L for free factor Xa) (25,26), 
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Like other naturally derived inhibitors, TAP 
effectively inhibits factor Xa and has shown 
antithrombotic effects in various thrombosis 
models. Using TAP as a very selective and 
highly effective factor Xa inhibitor, it was 
shown under experimental conditions that the 
inhibition of thrombin generation is an effec- 
tive approach to affect processes of thrombo- 
sis and restenosis. TAP inhibited in vivo the 
formation of venous thrombosis (27-29) and 
prevented platelet and fibrin deposition as 
well as thrombus formation in arterial throm- 
bosis and in arteriovenous shunts (29-31) as 
well as in ex vivo human non-anticoagulated 
blood (32). It also accelerated perfusion dur- 
ing thrombolysis and prevented acute reocclu- 
sion in canines (33-35). 

TAP has a different anticoagulant profile as 
measured by the APTT (26,27), In compari- 
son with antistasui, for example, both in vitro 
and ex vivo, TAP was found to be much less 
potent than antistasin in prolonging the APTT 
despite nearly equal antithrombotic efficacies 
in a rabbit model of venous thrombosis. This 
reflects kinetic differences in the rate of fac- 
tor Xa inactivation between various in- 
hibitors, i.e., TAP shows a time dependent in- 
hibition recruiring an incubation period of 50 
to 60 minutes to achieve maximal inhibition 
(27). On the other hand, in the cetite activated 
clotting time (ACT) assay, TAP showed the 
most potent anticoagulant activity in compar- 
ison with heparin and other factor Xa in- 
hibitors (Fig* 10-2). These differences show 
that the antithrombotic efficacy of a given an- 
ticoagulant cannot always be predicted by 
clotting assay values. 

Besides the antithrombotic effectiveness of 
TAP found in experimental venous and arter- 
ial thrombosis, this factor Xa inhibitor 
showed favorable actions against the resteno- 
sis processes. TAP reduced angiographic 
restenosis and caused less luminal cross-sec- 
tional narrowing by plaque after short-term 
administration to rabbits (18), led to a long- 
term decrease in neointimal thickness in dam- 
aged pig coronary arteries (12), and inhibited 
mitogenesis in cultured rat aortic smooth 
muscle cells (17). 
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FIG. 10-2. In a comparative study the anticoag- 
ulant effects of TAR DX-9065a, and heparin 
showed concentration-dependent effects in a 
ceEite-activaled whole-blood clotting assay 
(ACT), At equigravrmetric concentrations, TAP 
produced the strongest effect, followed by DX- 
9065a, and a weaker effect by heparin. Pen- 
tasaccharide! on the other hand, did not produce 
significant prolongation of the time to clot. These 
results demonstrate that in a test system where 
thrombin is generated by a strong activator, cer- 
tain factor Xa inhibitors can produce a concen- 
tration-dependent anticoagulant effect whereas 
other factor Xa inhibitors do not have an effect, 
depending on their mechanism of action, 



Factor Xa and the de novo activation of 
prothrombin may play an important role in 
the procoagulant activity of intravascular 
thrombi that may lead to reoccurrence of 
thrombosis after thrombolysis and to propa- 
gation of thrombi (9,36), The clot-associated 
factor Xa activity can be inhibited by TAP 
but not by AT in and AT Ill-dependent in- 
hibitors (9,36). 

NAP-5 

NAP-5 is one of a family of anticoagulant 
proteins isolated from hookworm nematodes. 
It has a molecular weight of 8 ,700 daltons and 
inhibits factor Xa and the factor VII/TF com- 
plex after prior binding to factor Xa (37). It is 
in preclinical trials. 
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Tissue Factor Pathway Inhibitor 

TFFI is a human protein (43 kDa) (Fig. 10- 
3) identified over 40 years ago (38,39). TFPI is 
the endogenous inhibitor of the extrinsic coag- 
ulation pathway that, in addition to the inhibi- 
tion of the factor Vila/tissue factor complex, in 
a final step, also binds to and inhibits factor Xa 
(9,36). Due to its mechanism of action, TFPI is 
an important regulator of coagulation. TFPI 
has been shown to inhibit venous thrombosis 
(40), rethrombosis after t-PA use (40), and 
platelet thrombosis after balloon injury to the 
vessel in experimental animals (41). Heparin 
and LMW heparins release endogenous TFPI 
upon administration; none of the factor Xa in- 
hibitors tested to date are associated with the 
release of TFPI (11). A recombinant form is 
currently in preclinical trials. Defibrotide also 
releases TFPI (42). 

DX-9065a 

The Daiichi compound DX-9065a is a 
novel type of synthetic factor Xa inhibitor 
(Fig. 10-4 and Table 10-2). This nonpeptide, 



propanoic acid derivative, LMW compoi 
(571 daltons) has been described as a poti 
directly acting inhibitor of factor Xa. It 
hibits factor Xa in a competitive manner v 
an inhibition constant in the nanomolar ra: 
(43,44). DX-9065a is also highly selective 
factor Xa and shows limited oral absorpi 
(44-47). It is in phase II clinical trials. 

The factor Xa inhibitor DX-9065a i 
promising antithrombotic agent Effective 
tithrombotic activity was found in model: 
venous (Fig. 10-5) and arterial thromb 
(29,40,43,48,49), arteriovenous shunt thn 
bosis (29,43,50,51), acute disseminated 
travascular coagulation (43,51-53) as wel 
hemodialysis in cynomoigus monkeys ( 




FIG. 10*4, Structure of DX-9065a the synih 
nonpeptide factor Xa inhibitor. (From Dr. S. Y 
tada, with permission.) 
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TABLE 10-2. Characteristics of DX-9065a and the heparin pentasaccharide 



Pentasaccharide 



DX-9065a 



Synthetic 
Oligosaccharide 
1,728 daltons 

AT llf-psntasaccharide complex binds factor Xa 
Limited inhibition of 

clot-bound/prothrombinase-bound FXa 
Prolongs the Heptest 
Does not prolong the APTT or PT 
No platelet interactions in normal and HIT systems 
l.v. and s.c. half-life about 14 hr 
100% bloavaifable s.c. 
Limited bleeding side effect 
Predictable dose response 



Synthetic 

Propanoic acid derivative 
571 daltons 

Direct binding to factor Xa 

Inhibits clot-bound/prothrombinase-bound factor Xa 

Prolongs the APTT and PT 1 

Does not prolong the Heptest 

No platelet Interactions in normal and HIT systems 

Lv, half-life about 90 min 

Orally btoavailable 

Limited bleeding side effect 

Predictable dose response 



HIT. heparin-induced thrombocytopenia. 



Antithrombotic actions of DX-9065a were 
also demonstrated after oral administration of 
this agent (45,50-52). After an intravenous 
dose of 1 mg/kg, significant anticoagulant 
and anti-factor Xa activities could be mea- 
sured in plasma up to 120 minutes in both 
rabbits and primates (Figs. 10-6 and 10-7). 



DX-9Q65a in global clotting assays caused 
a significant dose-dependent prolongation of 
the APTT, the prothrombin time test (PT), and 
the ACT (Fig, 10-2) both in in vitro and ex 
vivo plasma (43,45,48,50-52). The PT assay 
was more sensitive to the anticoagulant effect 
of DX-9065a (Fig. 10-6). DX-9065a does not 




250 



Dose Qig/kg) 



FIG. 1 0-5. Comparative study of the antithrombotic effect of DX-9065a and pentasaccharide in a mod- 
ified Wessler rabbit stasis thrombosis model using FEIBA as a thrombogenic stimulus. At equigravl- 
metric dosages, comparable antithrombotic activity was achieved with both agents. Thus direct and in- 
direct acting factor Xa inhibitors are capable of producing inhibition of induced venous thrombosis. 
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Time [minutes] 

FIG. 10-6. Anticoagulant and anti-factor Xa activities of DX-9065a after administration of a 1 mg/ 
intravenous dosage to rabbits (n = 5). 



have any effect on preformed thrombin; how- 
ever, the inactivation of factor Xa by DX- 
9065a can prevent the further generation of 
thrombin with resulting inhibition of thiorn- 
bin-mediated feedback reactions. The forma- 
tion of thrombin via the intrinsic pathway was 
more effected than the extrinsic thrombin 
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Time (minutes) 



FIG. 10-7. Anticoagulant and anti-factor Xa ac- 
tivities of DX-9065a after administration of a 1- 
mg/kg intravenous dose to nonhuman primates 
(Macaca mulatta) (n = 4). 



generation (43). The inhibition of thromc 
generation was found in ex vivo samples afi 
intravenous injection of DX-9065a into ra 
bits (43), 

For unknown reasons the anticoagulant i 
tion of DX-9065a is species dependent, silo- 
ing much less activity in rat, dog, and mot 
plasma than in human and common squir 
monkey plasma (48,55), 

Pharmacokinetic studies on DX-90G" 
showed a biologic half-life of about 6 minu 
for the a phase and 99 minutes for the p phi 
when given intravenously (50)* Oral admin 
tration produced peak plasma concentratic 
at 30 minutes, and plasma levels as well as \ 
ticoaguiant effects gradually declined o* 
about 6 to 8 hours (45,50). The bioavailabil 
after oral administration was estimated to 
approximately 5% to 12% (50). 

DX-9065a does not compromise the hen 
static reaction of platelets- It does not aft 
platelet aggregation (45) and does not p 
duce a positive platelet aggregation effect i 
heparin-induced thrombocytopenia posit 
system in vitro (X Fareed, unpublished da 
As a competitive inhibitor of factor Xa 
does not completely suppress the product 
of thrombin. Small amounts of thrombin g 
erated despite factor Xa inhibition can initi 
primary hemostasis by forming platelet 
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FIG. 10-8. Comparative studies on the bleeding 
effect of heparin and DX-9065a. The relative he- 
morrhagic effects of DX-9065a and heparin in a 
rabbit ear bleeding model show a markedly 
weaker effect of the factor Xa inhibitor In compar- 
ison with heparin. Even at a supratherapeutic 
dose of 5 mg/kg, the bleeding effect of DX-9065a 
was insignificant. Heparin, on the other hand, pro- 
duced a dose-dependent effect Thus, DX-9Q65a 
and most likely other factor Xa inhibitors have a 
wider therapeutic index than heparin, rendering 
them safer antithrombotic agents. 

mostatic plugs. However, this small amount of 
thrombin would be insufficient to catalyze the 
conversion of fibrinogen to fibrin. 

DX-9065a has nearly no effect in a rabbit 
ear bleeding model at doses higher than those 
shown to be effective for antithrombotic pro- 
tection (Fig. 10-8). DX-9065a has been shown 
to have a favorable safety index regarding 
bleeding complications in animals (43,45,51). 

Selectide Series 

The Selectide (SEL) (Selectide Corp', Tuc- 
son, AZ) series of agents are pentapeptides 
produced by combinatorial chemistry (56). 
They are in the preclinical phase of develop- 
ment. 

YM-60828 

YM-60828 is an orally active agent in pre- 
clinical development. In animal models it has 



been shown to be effective against carotid ar- 
terial thrombosis and as an adjunct to throm- 
bolysis after oral administration (57). 

Summary 

1. Numerous direct factor Xa inhibitors are 
under development as antithrombotic 
agents. These agents bind factor Xa and 
do not require any plasma cofactors. They 
can also inhibit clot-bound factor Xa. 

2. TAP, a recombinant derived agent, is a se- 
lective and potent factor Xa inhibitor that 
has shown promise in experimental mod- 
els of thrombosis. It is also being studied 
as an inhibitor of restenosis after angio- 
plasty. 

3. TFPI, a recombinant derived agent, is a 
natural human plasma-based anticoagu- 
lant. It is in human clinical trials, 

4. DX-9065a is a synthetic factor Xa in- 
hibitor with potent activity. It does not 
show bleeding effects in experimental 
models at antithrombotic dosages. It is in 
human clinical trials, 

INDIRECT INHIBITORS 

Heparin Pentasaccharide 

The only available indirect factor Xa in- 
hibitor is the heparin pentasaccharide. This 
agent produces its antithrombotic effect via 
high-affinity binding to AT HI. It is the small- 
est heparin-based molecule (molecular weight 
1,728 daltons) that retains antithrombotic ac- 
tivity, being composed of five saccharide 
units, two of the regular region of heparin and 
three of the irregular region (Fig. 10-9) (58). 
Pentasaccharide was developed in 1983 as 
proof of the hypotheses that a five-member 
heparin chain was the most minimum saccha- 
ride sequence for antithrombotic activity and 
that sole factor Xa inhibition was indeed an- 
tithrombotic (59-61), It was shown in experi- 
mental models that inhibition of factor Xa 
controls excessive thrombin generation, pro- 
duces antithrombotic effect and has less 
bleeding risk than heparin (62-64), 
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FIG. 10-9. Structure of the synthetic heparin pentasaccharide. (From Walenga et al., ret 58, witt 
permission.) 

The heparin pentasaccharide is produced thrombin generation shown in in vitro and e; 

synthetically in a cooperative effort by Sanofi vivo settings, but the maximal inhibition wa 

and Organon. Once the chemical synthesis less than that for heparin (63,73-75). Tto 

process was established (60,6 1), other related same result was obtained after administratioi 

agents that were structural modifications of of pentasaccharide to humans (76). Thrombi] 

the first pentasaccharide were synthetically generation inhibition after extrinsic pathwa; 

produced. Of all materials synthesized, it was activation was stronger than the inhibition ai 

determined that the binding to AT III was ter intrinsic pathway activation, 

most critical for expression of antithrombotic The APTT was minimally affected (abor 

activity (65-68). These agents have stronger 100 seconds at a very high dose) by pentasac 

anti-factor Xa potencies and longer half-lives charide, and the PT and ACT (Fig. 1 0-2) wer 

than the first synthetic pentasaccharide not affected at all (48,58). No platelet interac 

(65,68-70). Pentasaccharide is in phase II tions have been observed for pentasaccharid 

clinical trials for prophylaxis against venous in agonist-induced systems for aggregation c 

thrombosis after hip and knee replacement; in heparin-induced thrombocytopenia tei 

none of the modified agents are in clinical systems (77), 

trial yet. Pentasaccharide has shown dose-dependei 

Because of its small size, it possesses antithrombotic activity in several anim« 

anti-factor Xa activity with no inhibitory ac- models of thrombosis (Fig. 10-5), the degre 

tions against thrombin or other serine pro- of antithrombotic activity being dependent a 

teases. The pentasaccharide-AT III complex the thrombogenic stimulus for venous thron 

has a potency of about 700 anti-factor Xa bosis (40,62,64,78). Pentasaccharide was als 

IU/mg in human plasma and 360 anti-factor effective against arterial thrombosis in a n 

Xa IU/mg in rabbit plasma (67). An equiva- arteriovenous shunt model (64,79,80), in 

lent amount of AT III is required for complete modified arteriovenous shunt model in b: 

expression of the anti-factor Xa activity of boons (81), and in a laser-induced rat mod- 

pentasaccharide (71). Recently Lormeau et al (58,80). This agent also has been shown to fi 

showed that pentasaccharide inhibits the co- cilitate fibrinolysis induced by tissue pla 

agulant activity of the factor Vila-tissue fac- minogen activator in rabbits (82), 

tor complex (72). The antithrombotic activity Pharmacokinetic studies show a prolongs 

was found to be related to the inhibition of half-life in both intravenous (approximately 
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hours) and subcutaneous (approximately 18 
hours) dosing regimens (64,70,83). Subcuta- 
neous bioavailability was near 100% (84). 
Human pharmacokinetics showed a similar 
half-life at about 13.5 hours and a linear cor- 
relation with dose (85). The majority of pen- 
tasaccharide was eliminated through the kid- 
neys. In elderly subjects the half-life was 
prolonged to 14.5 hours, and plasma clear- 
ance was decreased (85). Bleeding studies in 
rats suggested very minor bleeding at dosages 
100-fold higher than required for complete 
protection against induced thrombosis 
(58,64). 

Clinical trials are in progress for the pro- 
phylaxis of venous thrombosis in orthopedic 
surgical patients. A brief study on the suc- 
cessful use of pentasaccharide with percuta- 
neous transluminal coronary angioplasty has 
recently been reported (86). Pentasaccharide 
is more attractive than LMW heparins be- 
cause it is a well-defined synthetic drug with 
a long half-life and 100% subcutaneous 
bioavailability. It does not appear to be related 
to the heparin-induced thrombocytopenic re- 
sponse and therefore may be used as a substi- 
tute antithrombotic agent in patients with he- 
parin-induced thrombocytopenia (87). It 
appears to have rninimal bleeding risks. 



Summary 

1, The heparin pentasaccharide is the only 
well-developed indirect factor Xa in- 
hibitor. Its structure is based on heparin' 
and it requires AT III to express activity. 
It is a well-defined synthetic agent 

2, Pentasaccharide has a long half-life (in- 
travenous or subcutaneous). It has been 
shown to be antithrombotic in experimen- 
tal models with no bleeding side effect. 

3, Clinical trials of pentasaccharide as pro- 
phylaxis against thrombosis after hip and 
knee replacement surgery are nearing 
completion. If successful, the hypothesis 
that factor Xa inhibition is an effective 
means to produce antithrombotic activity 
will be validated. 



CONCLUSION 

Factor Xa plays a pivotal role in the coagu- 
lation process, being the common point be- 
tween the extrinsic and intrinsic pathways. Al- 
though thrombin is an important enzyme, its 
generation is dependent on factor Xa. Thus, to 
control the activity of activated factor X 
would be to control excessive thrombin gen- 
eration. With less thrombin, the rate of fibrin 
formation is slowed. A regulated control of 
the activation of the coagulation cascade 
would be achieved. With factor Xa inhibitors, 
bleeding risk would be minimal because some 
thrombin generation/clot formation is still 
possible under treatment because thrombin 
generation is not completely blocked. 

The factor Xa inhibitors presently under 
clinical development are a diverse class of 
new antithrombotic agents with direct and in- 
direct mechanisms of inhibition. The pen- 
tasaccharide represents a synthetic oligosac- 
charide that requires the endogenous cofactor 
AT m for its activity. TAP is a LMW peptide 
with direct inhibitory activity, whereas DX- 
9065a is a synthetic organic compound of 
lower molecular weight and direct inhibitory 
actions. DX-9065a is less specific than TAP. 
TFPI is also a promising agent 

Despite differences in their mechanisms of 
action and in vitro activities, pentasaccharide, 
DX-9065a ? and TAP have been shown to be ef- 
fective antithrombotic agents in experimental 
models of venous thrombosis, coronary artery 
occlusion, arterial thrombolysis and acute re- 
occlusion, restenosis after angioplasty, dialy- 
sis, and disseminated intravascular coagula- 
tion (DIC). Preliminary results from human 
trials in orthopedic surgical patients are en- 
couraging. Both TAP and DX-9065a produce 
measurable in vitro anticoagulant effects. In 
contrast, pentasaccharide does not produce an 
anticoagulant effect by the typical clot-based 
assays. Thus, with factor Xa inhibitors there is 
not necessarily a correlation between current 
laboratory assays and antithrombotic efficacy 
as mere is with heparin. 

Factor Xa inhibitors vary in their efficacy 
to inhibit factor Xa depending on molecular 
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UNFRACTIONATED HEPARIN 

Mechanism of Action 

Unfractionated heparin is a glycosamino- 
glycan (GAG) composed of chains of alter- 
nating residues of D-gmcosamine and a 
uronic acid (1). Its major anticoagulant effect 
is accounted for by a unique pentasaccharide 
with a high-affinity binding sequence to an- 
tithrombin (AT), which is present in only one 
third of unfractionated heparin molecules 



(8-1 1). Heparin binds to AT (2-1 1) and pro- 
duces a conformational change in AT (12-14) 
that markedly accelerates its ability to inacti- 
vate the coagulation enzymes thrombin (fac- 
tor Ha), factor Xa, and factor IXa (3). After 
AT binds to form an irreversible complex 
with these coagulation enzymes, heparin dis- 
sociates from the complex and can be reutt- 
lized. Of the coagulation enzymes inactivated 
by the heparin-AT complex, thrombin is the 
most sensitive to inhibition (3,15-19). 
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Heparin catalyzes the inactivation of 
thrombin by AT by acting as a template to 
which both the enzyme and inhibitor bind to 
form a ternary complex (3,1 1,20,21). In con- 
trast, the inactivation of factor Xa by AT-he- 
parin complex does not require ternary com- 
plex formation and is achieved by binding of 
the enzyme to AT (13,6,7). Unfractionated 
heparin molecules that contain fewer than 18 
saccharides are unable to bind thrombin and 
AT simultaneously and, therefore, are unable 
to accelerate the inactivation of thrombin by 
AT, but retain their ability to catalyze the in- 
hibition of factor Xa by AT (21-23). Heparin 
also catalyzes the inactivation of thrombin by 
a second plasma cofactor, heparin cofactor II 
(HCII) (24). This second anticoagulant effect 
of unfractionated heparin is specific for 
thrombin, does not require the unique AT- 
binding pentasaccharide, and requires much 
higher doses of heparin (25-28) than those re- 
quired to catalyze the activity of AT* 

Unfractionated heparin is heterogeneous 
with respect to molecular size, anticoagulant 
activity, and pharmacokinetic properties. The 
molecular weight of unfractionated heparin 
ranges from 5,000 to 30,000 daltons with a 
mean molecular weight of 15,000 daltons (ap- 
proximately 50 monosaccharide chains) 
(29-3 1). The anticoagulant activity of unfrac- 
tionated heparin is heterogeneous because (a) 
only one third of the unfractionated heparin 
molecules administered to patients have anti- 
coagulant activity; (b) the anticoagulant pro- 
file of unfractionated heparin is influenced by 
the chain length of the molecules; and (c) the 
clearance of unfractionated heparin is influ- 
enced by its molecular size, with the higher 
molecular weight species being cleared from 
the circulation more rapidly than the lower 
molecular weight species. 

Administration, Pharmacokinetics, and 
Pharmacodynamics 

Heparin must be given by injection; the two 
preferred routes are intravenous and subcuta- 
neous. The efficacy and safety of unfraction- 
ated heparin administered by either the con- 



tinuous intravenous method or by the subc 
taneous route are comparable provided th 
the dosages used are adequate (32-34). Wb 
administered subcutaneously in high dosf 
the bioavailability of unfractionated heparin 
reduced by about 10% (compared with h 
parin administered by continuous intraveno 
infusion), and its anticoagulant effect is c 
Iayed for 1 to 2 hours. 

Unfractionated heparin binds to a numr. 
of plasma proteins, which contributes to 
reduced plasma recovery (bioavailability) 
low concentrations, to the variability of t 
anticoagulant response to fixed doses of l 
parin in patients with thromboembolic dis< 
ders (35), and to the laboratory phenornen 
of heparin resistance (36). Binding of hepa: 
to von Willebrand factor (VWF) results in 1 
inhibition of VWF-dependent platelet fui 
tion(37). 

Heparin also binds to macrophages and < 
dothelial cells (38). Unfractionated heparir. 
cleared through a combination of a rapid s 
urable and a much slower first-order mecl 
nism of clearance (39-41). The satura 
phase of heparin clearance is thought to 
due to heparin binding to receptors on i 
dothelial cells (42,43) and macrophages (4 
where it is internalized, depolymerized, z 
metabolized into smaller and less sulfa 
forms (45,46). Clearance through the slo\ 
nonsaturable mechanism is partly renal- 
therapeutic doses, a considerable proport 
of the administered unfractionated heparir 
cleared through the rapid saturable, dose- 
pendent mechanism of clearance. The app 
ent biologic half-life of unfractionated 
parin increases from approximately 
minutes with an intravenous bolus of 25 U/ 
to 60 minutes with an intravenous bolus 
100 TU/kg, to 150 minutes with an iro 
venous bolus of 400 U/kg (39-41). 

LABORATORY MONITORING 

AND DOSE-RESPONSE 
RELATIONSHIPS OF HEPARIN 

The anticoagulant effect of unfractiona 
heparin is usually monitored by the active 
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bound thrombin may result from conforma- 
tional changes in the active site of thrombin 
that occur when the enzyme binds to fibrin. 
The marked resistance of fibrin-bound throm- 
bin to the heparin-AT complex occurs be- 
cause the heparin binding site on thrombin 
(so-called exosite 2) is masked when throm- 
bin binds to fibrin. The explanation for the 
protection of factor Xa from inactivation by 
heparin-AT is less well understood, but may 
reflect similar mechanisms. The inability of 
heparin to inactivate surface-bound thrombin 
and factor Xa may explain why heparin is of 
only limited efficacy in cardiopulmonary by- 
pass surgery, unstable angina, high-risk coro- 
nary angioplasty, and coronary thrombolysis. 

Biologic Limitations 

The biologic limitations of heparin reflect 
its propensity to bind to platelets and to acti- 
vate them (146). Platelet activation can con- 
tribute to bleeding because degranulated 
platelets have impaired hemostatic function. 
In addition, platelet factor 4 released from ac- 
tivated platelets can complex with heparin, 
thereby triggering the formation of the anti- 
bodies that cause heparin-induced thrombo- 
cytopenia (HIT) (147). 

Low molecular weight heparins overcome 
the pharmacokinetic and biologic limitations 
of unfractionated heparin and share the same 
biophysical limitations. The biophysical limi- 
tations of both low molecular weight heparins 
and unfractionated heparins have provided an 
important rationale for the development of 
new antithrombotics. ■ 

LOW MOLECULAR WEIGHT 
HEPARINS 

Low molecular weight heparins are a new 
class of anticoagulants which are replacing 
unfractionated heparin for many indications 
in Europe and are being used for more limited 
indications in North America. 

Low molecular weight heparins are derived 
from unfractionated heparin by either chemi- 
cal or enzymatic depolymerization to yield 
fragments that are approximately one third the 



size of heparin. Like heparin, they are heft 
geneous with respect to molecular size : 
anticoagulant activity. Low molecular wei 
heparins have a mean molecular weight 
4,000 to 5,000 daltons with a moleci 
weight distribution of 1,000 to 10,000 < 
tons, Depolymerization of heparin into la 
molecular weight fragments results in tf 
main changes in the properties of hepa 
Thus, the resultant low molecular weight 
parins have (a) a change in their anticoagu 
profile with a progressive loss of their ab: 
to catalyze thrombin inhibition (11,21 
148); (b) reduced protein binding with an 
provement in their pharmacokinetic pro 
ties (29,38,149-153); and (c) reduced inte 
tion with platelets (146), which could 
responsible for the reduced microvasc 
bleeding in experimental animal models 
lower incidence of HIT (154), Two other 
cosaminoglycans also have been devek 
for clinical use. These are dermatan su 
and the heparinoid danaparoid sodium, w 
is a mixture of heparin sulfate (the rr 
component making up 80% of the mixi 
and smaller amounts of dermatan sulfate 
chondroitin sulfates. 

It should be noted that commercially a 
able low molecular weight heparins are 
pared using different methods of depoly 
ization; therefore, they are not necess 
clinically interchangeable. 

Anticoagulant Effects of Low Molecu 
Weight Heparins 

Like unfractionated heparin, low mole 
weight heparins produce their maj or antic 
ulant effect by binding to AT via a tu 
pentasaccharide sequence (6,7), which is 
sent on less than one third of low mole 
weight heparin molecules, Because a : 
mum chain length of 18 saccharides (in 
ing the pentasaccharide sequence) is req 
for ternary complex formation, only the 
to 50% of low molecular weight he 
species that are above this critical 
length in the different commercial low i 
cular weight heparin preparations are al 
inactivate thrombin. In contrast, all of th 
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molecular weight heparin fragments that con- 
tain the high-affinity pentasaccharide cat- 
alyzes the inactivation of factor Xa. Virtually 
all unfractionated heparin molecules contain 
at least 18 saccharide units (155,156). There- 
fore, in contrast to unfractionated heparin, 
which has a ratio of anti-factor Xa to 
anti-factor Ha activity of approximately 1:1, 
the various commercial low molecular weight 
heparins have anti-factor Xa to anti-factor Ha 
ratios that vary between 4:1 and 2:1 3 depend- 
ing on their molecular size distribution. 

Pharmacokinetics of Low Molecular 
Weight Heparins 

The plasma recoveries and pharmacokinet- 
ics of heparin and low molecular weight he- 
parins differ because of differences in their rel- 
ative-binding properties to plasma proteins and 
cells. Most heparin-binding proteins do not 
bind to or neutralize low molecular weight he- 
parins (29,38,149-151,153). The absence of 
protein binding of low molecular weight he- 
parins contributes to their excellent bio- 
availability at low doses (157) and to their 
more predictable anticoagulant response when 
administered in fixed doses (158). Low molec- 
ular weight heparin preparations also have a 
lower affinity than heparin for VWF (38), a 
property that could contribute to the observa- 
tion that low molecular weight heparins pro- 
duce less experimental bleeding than heparin 
for equivalent anticoagulant effects (159-165). 
Unlike heparin, low molecular weight heparins 
do not bind to endothelial cells in culture 
(39,166,167), a property that could be respon- 
sible for their longer plasma half-life (which is 
approximately two- to fourfold longer than that 
of heparin) (168-174). Low molecular weight 
heparins are cleared principally by the renal 
route, and their biologic half-life is increased in 
patients with renal failure (168,175,176). 

Antithrombotic and Hemorrhagic Effects 
of Low Molecular Weight Heparins, 

Heparinoids, and Unfractionated Heparin 
in Experimental Models in Animals 

The antithrombotic effects and hemor- 
rhagic effects of heparin have been compared 



with low molecular weight heparins with the 
heparinoid danaparoid sodium and with der- 
matan sulfate in a variety of experimental an- 
imal models (159-165,177-181). In these 
models of thrombosis, temporary venous sta- 
sis is produced by ligating an appropriate 
vein, and blood coagulation is stimulated by 
injecting either serum, factor Xa, thrombin, or 
tissue factor (165,180,181), When compared 
on a gravimetric basis, low molecular weight 
heparins are slightly less effective than he- 
parin as antithrombotic agents but produce 
much less bleeding man heparin in models 
measuring blood loss from a standardized in- 
jury (160-163,165,178,179). 

These differences in the relative antithrom- 
botic to hemorrhagic effects of these polysac- 
charides could be due in part to their different 
effects on platelet function (38,182,183) and 
vascular permeability (184). 

Arterial Thrombosis 

Low molecular weight heparins have been 
evaluated in a canine model of coronary 
artery thrombosis (1S5). Low molecular 
weight heparin in a dose of 2.5 mg/kg subcu- 
taneously was as effective as unfractionated 
heparin in a dose of 10 mg/kg subcutaneously 
(185), A second study compared the relative 
efficacy and safety of a very low molecular 
weight heparin (CY222) with unfractionated 
heparin in an exteriorized femoral arteriove- 
nous shunt in baboons (186). Skin bleeding 
times also were measured. In this platelet-de- 
pendent model, low molecular weight heparin 
demonstrated a more favorable antithrom- 
botic to bleeding ratio than did unfractionated 
heparin. 

Clinical Experience with Low Molecular 
Weight Heparin Preparations 

Low molecular weight heparins have been 
evaluated in a large number of randomized 
clinical trials and have been shown to be safe 
and effective anticoagulants for the preven- 
tion and treatment of venous thrombosis. 
More recently, low molecular weight heparin 
preparations have been evaluated in patients 
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with unstable angina (187,188) and with 
stroke (1 89), postfemoropopliteal arterial 
surgery (190), and for the prevention of 
restenosis after angioplasty (191). 

The largest experience with low molecular 
weight heparin has been obtained in the pre- 
vention of venous thrombosis in high-risk pa- 
tients. Experience with low molecular weight 
heparins for the treatment of venous thrombo- 
sis is growing, whereas studies evaluating low 
molecular weight heparins in arterial throm- 
bosis are in their early stages. 

Although the low molecular weight he- 
parins in clinical use have many similarities, 
they also differ from one another in molecular 
weight distribution profiles, in their relative 
specific activities (anti-Xa to anti-Ea activi- 
ties), in their rates of plasma clearance, and in 
their recommended dosage regimens and in 
experimental microvascular bleeding (Table 
1 1-1). Therefore, it cannot be assumed that re- 
sults obtained for a specific indication using 
one low molecular weight heparin would also 
be obtained with another tow molecular 
weight heparin. 

Prevention of Venous Thrombosis 

The results of studies evaluating low mole- 
cular weight heparins for the prevention of 
venous thrombosis have been reviewed else- 
where (192). 

For general surgical patients, low molecu- 
lar weight heparins administered once daily 
by subcutaneous injection have been shown to 
reduce cardiovascular mortality when com- 
pared with placebo and to be approximately 
30% more effective than unfractionated he- 
parin 5,000 IU (administered by subcutaneous 
injection twice or three times daily) in pre- 
venting venous thrombosis without any dif- 
ference in bleeding (192). 

When compared with a control group, low 
molecular weight heparins have been shown 
to reduce the incidence of thrombosis in pa- 
tients having major knee or hip surgery by 
about 70% without increasing the risk of 
bleeding (193-195). When compared directly 
with other forms of prophylaxis in orthopedic 
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patients, low molecular weight heparins ar 
significantly more effective than hepari 
5,000 IU subcutaneously administered twic 
or three times daily (196-198), significantl 
more effective than oral anticoagulam 
(199-201), significantly more effective tha 
dextran (202,203), significantly more efTe< 
tive than aspirin (204), and significantly moi 
effective than adjusted-dose heparin in pr< 
venting proximal vein thrombosis (205). 

Low molecular weight heparins are very e 
fective in preventing venous thrombosis in p: 
tients with thrombotic stroke (206,207) and 
other high-risk medical patients (208), produ 
ing a relative risk reduction in venous thror 
bosis of between 60% and 90°/o. This benei 
cial effect occurred without an increase 
clinically important bleeding. Low molecul 
weight heparins also have been shown to 1 
significantly more effective than unfractio 
ated heparin in preventing venous thrombos 
in patients with paralytic stoke and in patier 
with spinal cord injury. Thus, in both studi 
comparing low molecular weight heparins wi 
heparin, patients randomized to receive k 
molecular weight heparin showed a greai 
than 70% risk reduction in thrombosis, a stat 
tically significant difference (209,210). 

TREATMENT OF VENOUS 
THROMBOSIS 

Treatment of Established Thrombosis 

There is growing experience with the use 
low molecular weight heparins for the tre 
ment of venous thrombosis, Low molecu 
weight heparin has been compared with 1 
parin in the treatment of venous thronibo 
(Table 11-2). In the major studies, low moL 
ular weight heparin was administered by si 
cutaneous injection (usually twice daily) £ 
heparin was administered by continous int 
venous infusion with APTT monitoring. 

Eight trials (211-218) compared the effe 
of heparin and low molecular weight hepa 
by measuring the change in thrombus size 
ter 5 to 10 days of treatment observed i 
pretreatment and posttreatment venogn 
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The previous six chapters describe the advan- 
tages but also the limitations of different 
classes of antithrombotic drugs. Substantial 
research is focusing on other compounds with 
antithrombotic properties, which are briefly 
discussed here. 

THROMBOMOD ULIN 

Thrombomodulin is an endothelial cell sur- 
face protein that forms a reversible 1:1 stoi- 
chiometric complex with thrombin. After for- 
mation of this complex, thrombin no longer 
has procoagulant activity but does acquire the 
potential to activate protein C 1000-fold com- 
pared to free thrombin (1-3). The term throm- 
bomodulin is appropriate because this protein 
changes the substrate specificity of thrombin, 
apparently by an allosteric mechanism. Acti- 
vated protein C, in the presence of protein S, 
inactivates blood coagulation factors Va and 
Villa (4,5). Thus, by accelerating the activa- 
tion of protein C, thrombomodulin plays an 
important role as endogenous regulator of co- 
agulation at the surface of the vascular wall 



Furthermore, thrombomodulin inhibits the 
proteolytic action of thrombin on macromole- 
cular substrates, and because thrombomod- 
ulin contains a galactosaminoglycan, it accel- 
erates the inactivation of thrombin by 
antithrombin DDL 

The thrombin-thrombomodulin complex is 
also involved in the regulation of fibrinolysis 
as it activates another macromolecular sub- 
strate, termed Thrombin Activatable Fibrinol- 
ysis Inhibitor (TAFI), by cleavage of a single 
proteolytic cleavage (6,7). The enzyme, 
TAFIa, is a carboxypeptidase with specificity 
for carboxy terminal arginine and lysine 
residues (8) and is a potent inhibitor of fibri- 
nolysis (6,9,10). This suppression of fibrinoly- 
sis is most likely obtained by downregulation 
of the cofactor function of partially degraded 
fibrin (removing plasminogen binding sites). 
The existence of TAFI explains the apparent 
prof ibrinolytic effect of activated protein C, 

The lethal effect of deletion of thrombo- 
modulin gene in the mouse was demonstrated 
(11). Thrombomodulin mutation cosegregates 
with thromboembolic disease (12). 
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Thrombomodulin ts an integral membrane 
glycoprotein containing 575 amino acids and 
5 domains, it is present on the vascular sur- 
face of endothelial cells of arteries, veins, 
capillaries, and lymphatic vessels (Fig. 14-1). 
Thrombomodulin purified from human urine 
has a potent antithrombotic effect in the rat 
disseminated intravascular coagulation model 
(13). The human thrombomodulin cDNA has 
been isolated (4) and expressed in Chinese 
hamster ovary (CHO) cells (14). This soluble 
human thrombomodulin contains only the do- 
mains 1, 2, and 3 (amino acids 1-491) but not 
the transmembrane module and cytoplasmic 
tail of native single-chain ihiombomodulirL 

Recombinant human soluble thrombomod- 
ulin is effective in the rat model of arteriove- 
nous shunt thrombosis (15) and in dissemi- 
nated intravascular coagulation models in 
mice and rats, also when the levels of anti- 
thrombin III are reduced. The presence of 
chondroitin sulfate on recombinant human 
soluble thrombomodulin results in a higher 
affinity for thrombin, a greater ability to in- 
hibit thrombin-induced fibrin formation and 



platelet activation, and is associated i 
antithrombin Ill-dependent inactivatior 
thrombin (16,17). Administration of thr 
bomodulin prolongs the thrombin time (' 
prothrombin time (PT), and activated pa 
thromboplastin time (APTT)> Recombi 
human thrombomodulin may be a mear 
generate endogenous activated protein C 
The parenteral administration of solubl 
combinant thrombomodulin has been ass 
ated with antithrombotic effects wit 
bleeding in cancer patients (18). 

PROTEIN C 

Activated protein C is a natural coagul: 
inhibitor that plays a key role in the reguh 
of blood coagulation by selectively degra 
coagulation cofactors Va and Villa 
thereby inhibits thrombus generation 
Thus, activated protein C stops the pos 
feedback actions of thrombin on the coa: 
tion cascade (thrombin activates factors 
and V), thereby limiting the coagul 
process and thrombus propagation (Fig. 1 




FIG. 14-1- Schematic representation of protein C, protein S> and thrombomodulin (TM).Th 
residues (rcarboxyglutamlc acid) are indicated as smail Y-shaped symbols on protein C and p 
S. These residues are required for biological activity and depend on vitamin K for their biosynl 
(From Esmon CT, ref. 3, and Esmon ML, ret. 107, with permission.) 
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FIG. 14-2. Thrombin forms a complex with the endothelium-bound protein thrombomodulin (TM). 
This complex activates circulating protein C, which inhibits factor Va and Villa and releases tissue 
plasminogen activator from the endothelial cells. Binding of activated protein C to phospholipids is 
facilitated by protein S. Gla, y-carboxyglutamic acid. 



Protein C is one of the vitamin K-dependent 
plasma proteins; it is activated on the surface 
of intact endothelial cells by thrombin bound 
to thrombomodulin. The anticoagulant effect 
of activated protein C is enhanced by protein 
S, which is another vitamin ^.-dependent 
plasma protein (20). It has been reported that 
protein S increases the affinity of activated 
protein C for thrombogenic phospholipids ap- 
proximately 10-fold and that protein S abro- 
gates the protective effect of factor Xa against 
activated protein C-mediated degradation of 
factor Va in the prothrombinase complex. 

An endothelial cell protein C receptor has 
been identified (21). It is a transmembrane 
protein that is expressed at high levels only on 
a subset of endothelial cells. These receptors 
augment protein C activation. Binding to the 
receptor is Ca 2 Mependent and is mediated in 
part by the Qla domain of the protein. 

Human plasma contains 4 mg/L of protein 
C. The protein can be purified from plasma or 
obtained by recombinant technology (22). Be- 
cause of its endogenous origin and specificity 



of action, activated protein C is a potentially 
attractive antithrombotic agent. Earlier stud- 
ies have shown that activated protein C in- 
hibits disserninated intravascular coagulation 
in rabbits (23) and blocks the lethal effects of 
Escherichia coli infusion in baboons (24). 
Moreover, human activated protein C has 
been shown to reduce jugular vein thrombus 
formation in dogs, to delay the time to occlu- 
sion in anodal current-induced rat aorta 
thrombosis (25), and to reduce mtermittent 
platelet thrombus formation in rat microves- 
sels (26). Human activated protein C inhibits 
thrombus formation on thrombogenic grafts 
interposed in arteriovenous shunts in ba- 
boonSj when infused into the shunt just prox- 
imal to the thrombogenic site (27). 

Using a bovine protein C preparation in a 
microarterial thrombosis model in the rabbit, 
antithrombotic efficacy was demonstrated but 
was associated with significant bleeding (28), 

Thrombin mutants with selectivity for en- 
dogenous protein C have been developed (29, 
30). Activated protein C administration does 
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not impair hemostasis (31), which supports 
the proposal to either use protein C or in- 
crease its plasmatic level by administering 
thrombin mutants without affecting the fib- 
rinogen conversion. 

DEF1BROTIDE 

Defibrotide is the sodium salt of a single- 
strand polydeojcyribonucleotide (aptamers) of 
a well-defined base sequence and composi- 
tion that binds to thrombin. The compound 
has a mean molecular weight of 15 to 30 kDa 
with a defined ratio of purine to pyrimidine 
bases of >0.85, It is prepared by controlled 
depolymerization of deoxyribonucleic acid 
(DNA) obtained from porcine organs. 

In most studies, particularly those using a 
three- to fourfold higher dose than that rec- 
ommended for patients, defibrotide stimu- 
lates PGI2 and PGE 2 production without 
change in thromboxane A2 levels and is asso- 
ciated with reduced leukotriene B4 levels 
(32). The drug also stimulates the fibrinolytic 
system, as shown by a decrease of the euglob- 
ulin lysis time and dilute clot lysis time. Fur- 
thermore, the lysis area of euglobulin on stan- 
dard fibrin plates increases (33,34). There are 
conflicting observations regarding the effect 
of defibrotide on activity in blood of tissue- 
type plasminogen activator (t-PA), plasmino- 
gen activator inhibitor type 1 (PAI-1), and (X2- 
antiplasmin (35). 

Defibrotide appears to be largely devoid of 
anticoagulant properties as determined by a 
lack of clinically significant effects on coagu- 
lation parameters, including APTT and the 
prothrombin time. The drug appears to have 
no effect on von Willebrand factor, factor 
VIII, factor Xa> andprekallikrein, whereas its 
effect on antithrombin III, fibrinogen, and 
protein C requires further confirmation. 

Defibrotide has been reported to have little 
effect on platelet numbers, but may inhibit 
platelet function, possibly by stimulating the 
formation of PGI2 and blocking calcium ions' 
entry into cells by interfering with the adeno- 
sine receptor (36). It has recently been shown 
that defibrotide stimulates expression of 



thrombomodulin in cultured human umbi: 
vein endothelial cells (37). 

Investigation of the pharmacokinetic 
havior of defibrotide is difficult because 
drug is degraded in the body to a numbe 
products and the identity of the active dej 
tive(s) in humans is unclear. To date, the 
jority of pharmacokinetic data have been 
termined by following the fate of 
carbohydrate moiety of the drug 6-deo) 
bose. Elimination of defibrotide in hun 
follows different kinetic models dependin 
the dose, with a one-compartment mode, 
ing the most appropriate following adm 
tration of low doses, and a two-comparti 
model better suited following high doses, 
elimination half-life is short and incre 
with dose, with values of between 9.8 
27.1 minutes after intravenous doses of 0 
16 mg/kg or a single intravenous injectk 
200 mg. The elimination half-life appea 
be independent of the route of administra 
with similar values being obtained after 
and intravenous administration. 

An antithrombotic action of defibrotidi 
been demonstrated in a number of animal ] 
els of venous thrombosis, in which the 
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FIG. 14-3. Effect of oral administration of 
brotlde on plasma tissue factor pathway inh 
(TFPl) levels in normal healthy volunteers, 
brotide was administered at 5, 10, and 20 t 
dosages to groups of healthy Individuals 
10), Blood samples were drawn 4 hours aft 
administration of defibrotide. (From Fareed 
ref.108, with permission.) 
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was able to attenuate the formation of colla- 
gen-, activated prothrombin complex- throm- 
bin-, and mechanically induced venous throm- 
bosis, and to reduce the size and alter the 
composition of the thrombi that are formed 
(38). Furthermore defibrotide has a protective 
effect in animal models on myocardial, liver, 
and kidney ischemia (39), "When healthy vol- 
unteers were treated with oral dosages of 5, 10, 
and 20 mg/kg defibrotide, a dose-dependent 
increase in the release of the tissue factor path- 
way inhibitor (TFPI) was observed (Fig. 14-3). 
This suggest that, similar to heparin, defi- 
brotide is capable of releasing TFPL 

Defibrotide has been demonstrated to be 
more effective than placebo for the prevention 
of postoperative deep vein thrombosis but 
does not appear to be superior to subcuta- 
neous unfractionated heparin (35,40). 

TISSUE FACTOR PATHWAY 
INHIBITOR 

Coagulation at a site of injury is initiated 
by exposure of blood to cell surface tissue 



factor and formation of the tissue factor- fac- 
tor Vila complex. The latter then activates 
both factors IX and X, leading to thrombin 
generation and fibrin formation. Tissue factor 
pathway inhibitor (TFPI) plays a primary role 
in regulating tissue factor-induced coagula- 
tion. Human plasma contains a tissue factor 
pathway inhibitor, formerly termed anticon- 
vertin (41), external pathway inhibitor (42), or 
Jipoprotein-associated coagulation inhibitor 
(LACI) (43), 

Tissue factor (TF) is an integral membrane 
protein of the vascular endothelium, primarily 
synthesized by the endothelium, that func- 
tions as an essential cofactor for the prote- 
olytic activity of factor VII toward its sub- 
strates, factors IX and X (44,45), 

This endogenous protease inhibitor of 
42,000 Da is a 276-amino acid polypeptide 
consisting of three Kunitz-type serine pro- 
tease inhibitor domains (Fig, 14-4). The ma- 
jority (85%) of human TFPI remains associ- 
ated with apolipoprotein All, possibly via a 
mixed disulfide linkage. TFPI interacts with 
the target proteins of factors Vila and Xa in a 





Tissue Factor "Tissue Factor Pathway Inhibitor 



FIG. 14-4. A comparison of the primary structure of tissue factor (TF) with tissue factor pathway in- 
hibitor (TFPi).TF is a transmembrane protein with both plasmatic and TF activating properties, TFPI 
is capable of selectively inhibiting TF and its mediated responses. Thus, In addition to controlling co- 
agulation activation, this inhibition is also involved in the control of inflammatory responses. (From 
Fareed et al., ref. 108, with permission.) 
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two-step fashion. In the first step, which is in- inhibits factor Xa directly, whereas inhibii 

dependent of calcium, TFPI binds to factor of factor Vila requires the simultaneous p: 

Xa by the second Kunitz domain, presumably ence of factor Xa to form a quaternary c< 

through an active arginyl site (Fig. 14-5), This plex TFPI-factor Xa and Vila-tissue fact< 

reaction does not involve the Gla residues on There is accumulating evidence that the 

factor Xa. The bimolecule then induces a sue factor-induced coagulation system is 

feedback inhibition of tissue factor- factor volved in arterial thrombosis and atherogt 

Vila complex, thereby inhibiting the extrinsic sis. Atherosclerotic plaques contain tij 

pathway of coagulation. In this second step, factor-synthesizing cells, and plaque rup 

the binding occurs through the first Kunitz leads to exposure of tissue factor activit 

domain. This reaction requires calcium and the circulating blood (49-54). Elevated T 

the Gla residues on factor Xa are essential activity has been demonstrated in pari 

(43). The function of the third Kunitz-like do- with myocardial infarction (54), even : 

main is unknown but a segment of it, includ- young age (56), suggesting that TFPI 1 

ing the C-terminal tail, may be involved in adapts to changes in the activity of factor 

binding to cell surface glycosarninoglycaiis Recombinant TFPI is available eithe 

(46) . TFPI may also inhibit factor Vila-tissue full length (prepared from Chinese harr 
factor complexes in the absence of factor Xa ovary cells) (44) or in a truncated f 

(47) . This may be an additional mechanism of (TFPI M 6i) Jacking the basic C-terminal 
action when recombinant TFPI is considered gion and the third Kunitz domain and is 
for use as a therapeutic agent (48). Thus TFPI duced in yeast cells (57). The two form 




FIG. 14-5. Proposed mechanism for the inhibition of factor Xa and the factor Vila-tissue factor 
plex by tissue factor plasminogen inhibitor fTFPl). The indentations represent the active site o 
tor Vila and factor Xa; the protrusions represent the three Kunitz-type domains of TFPI. In the I 
Xa-TFPI complex, the active site of factor Xa is bound to the second Kunitz domain of TFPL I 
final quaternary factor Xa-TFPl-factor Vila/tissue factor complex, factor Xa is bound at Its activ 
to the second Kunitz domain of TFPI and factor Vila is bound at its active site to the first Kunft 
main of TFPI. Two potential pathways for the formation of the final quaternary inhibitory comple 
depicted: on the left, TFPI binds to a preformed factor Xa-factor Vita/tissue complex; on the 
TFPI binds to factor Xa and the factor Xa-TFPI complex then binds to factor VI ia/lissue factor. ( 
Broze, ref. 109, with permission.) 
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rTFPI have different pharmacokinetic and ac- 
tivity profiles. Full-length rTFPI binds to 
factor Xa at a much faster rate; it also hinds 
to endothelial glycosaminoglycans in micro- 
vessels in contrast to the two-domain rTFPI 
(58). Full-length rTFPI is also cleared more 
rapidly from circulation. The truncated form 
of TFPI, in contrast to full-length TFPI, does 
not bind to heparin but has dose-related an- 
tithrombotic activity in experimental venous 
thrombosis in rabbits induced by a combina- 
tion of endothelium destruction and re- 
stricted blood flow (59), Although TFPIm6i 
displayed a dose-dependent increase in activ- 
ity in the anti-factor Xa, APTT, and PT as- 
says, APTT and PT were, for the same an- 
tithrombotic effect, much less prolonged 
compared with low molecular weight he- 
parin. TFPI has no direct effect on thrombin 
and does not prolong the clotting time in the 
anti-factor Ila assay, even at high dose. No 
bleeding was observed in rabbits or rats re- 
ceiving 10 mg/kg TFPIi-iei/day; an an- 
tithrombotic dose as effective as 60 anti-fac- 
tor Xa IU/kg of tinzaparin sodium (60). 
Full-length recombinant TFPI expressed in 
E* coli (61,62) appears to be a much more po- 
tent antithrombotic. It completely prevented 
arterial reocclusion after vessel wall injury 
that yielded platelet-rich thrombi (63,64) and 
reduced coagulopathic and lethal effects in 
the baboon gram-negative model of septic 
shock (65). The same compound adminis- 
tered for 3 days in a rabbit atherosclerosis in- 
jury model reduced angiographic restenosis 
and decreased neointimal hyperplasia com- 
pared with controls (66). This indicates the 
importance of early inhibitors of the extrinsic 
pathway in response to arterial injury. Brief 
inhibition of the coagulation system by ad- 
ministration of TFPI sustains patency of ar- 
teries recanalized by pharmacologic fibrinol- 
ysis in the dog without markedly perturbing 
the coagulation system (67). 

The hookworm, Ancylostoma caninum, 
produces TFPI which has been characterized 
and cloned. This small recombinant protein 
(9500 Da), administered subcutaneously or 
intravenously, reduces in a dose-dependent 



manner coronary and carotic artery occlu- 
sions in rat and pig models and in a chronic 
model of deep venous thrombosis in rats (68). 
A nematode low molecular weight protein has 
similar properties* 

Administration of recombinant TFPI may 
become an interesting antithrombotic drug 
targeted to exposed subendothelium. Full- 
length rTFPI is presently being used in clini- 
cal trials in patients with sepsis and in those 
with microvascular surgery (7), 

INACTIVATED TISSUE FACTOR 

Tissue factor has a dominant role in the 
thrombus formation in arterial wall damage 
or ruptured atherosclerotic plaques. One may 
use inactivated factor Vila (factor VHai) as a 
competitive inhibitor of tissue factor-depen- 
dent activation of factor X. 

Vascular thrombosis at sites of carotid en- 
darterectomy in baboons was prevented by 
bolus intravenous administration of 1 mg/kg 
factor Vllai (31,66,69,70)* In these experi- 
ments hemostasis was not compromised and 
the bleeding time remained normal. Mono- 
clonal antibodies against tissue factor or 
against factor VII can also be considered. 
Synthetic peptides based on nematode-de- 
rived peptide antagonists of FVTIa/FVII have 
also been investigated (68,71). 

BLOCKERS OF THE THROMBIN 
RECEPTOR FUNCTION 

There are two thrombin receptors on the 
platelet membrane that undergo activation by 
thrombin-mediated cleavage of the terminal 
peptides yielding neoamino terminal peptide 
sequences that activate the receptors as teth- 
ered ligands (72). Protease-activated recep- 
tors i and 3 (PAR-1, PAR-3) are reactivated 
by thrombin and PAR-2 by trypsin (73). 
Monoclonal antibodies against human PAR-1 
and PAR- 3 raised in rabbits were tested in 
nonhuman primates and found to be anti- 
thrombotic (74). This approach is attractive 
as it produces dose-dependent interruption of 
platelet thrombosis while sparing cleavage of 
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fibrinogen for the formation of hemostatic 
plugs (70). 

HUMAN PLASMA-DERIVED AND 
RECOMBINANT ANTITHROMBIN III 

The natural plasma protein antithrombin 
JII is a relatively poor inhibitor of thrombin, 
but its inhibitory effect is increased 10,000- 
fold in the presence of heparin. In vivo the in- 
teraction between antithrombin and heparin 
probably takes place at the endothelial cell 
surface where the protein binds to the he- 
parin-like glycosaminoglycan, heparan sul- 
fate. It has been shown that for ti£ht binding 
of heparin to antithrombin III a particular 
pentasaccharide sequence must be present 
(75). This pentasaccharide brings about a 
change in conformation in antithrombin, 
which involves an arginine residue that is suf- 
ficient for near-maximal acceleration of the 
inhibition of factor Xa (76). In contrast, 
much longer heparin species are required for 
significant acceleration of the rate of inhibi- 
tion of thrombin by antithrombin III because 
this reaction appears to be accelerated princi- 
pally by simultaneous binding of both throm- 
bin and antithrombin III to the same heparin 
molecule, increasing the inhibition rate of 
thrombin by antithrombin III encounter fre- 
quency (77). 

Concentrates of human plasma-derived 
antithrombin III are available. As with all 
plasma products, the potential for viral infec- 
tion must be weighed against the therapeutic 
benefits and alternatives. The concentrates 
contain some nonfunctioning, cross-reacting 
material and so the effect of therapy should be 
monitored by functional rather than antigenic 
antithrombin assays (77). The biological half- 
life of antithrombin from concentrates ranges 
from a mean of 61 hours (78) to 92 hours (79). 
The half-life is not affected by the presence of 
coumarins (74) but is shortened by heparin 
(80) and in the postoperative period (77). 

Because of the moderate survival time of 
antithrombin HI in the circulation, alternate- 
day substitution is usually sufficient, although 
activity should be monitored regularly; it 
seems reasonable to maintain activity above 



80% of the normal blood level during 1 
treatment period. 

In septicemia, where there is widespre 
endothelial damage, the action of ar 
thrombin IH may be impaired. In addition, i 
der conditions of a fulminant inflammatc 
response, as occurs during E. coli sepsis, 1 
expression of heparin-like receptors on 1 
vascular endothelium may be downregulal 
in the same manner as the thrombomodu 
and protein S receptors. This may in part ( 
plain why high concentrations of ar 
thrombin III are necessary to prevent shock 
animal models of sepsis (81,82). Theor* 
cally, combined antithrombin and hepa 
therapy should be more effective than ar 
ttoombin alone in the management of shoi 
but unfortunately this form of treatment < 
not improve the outcome in shocked patie 
and was associated with an increased risk 
bleeding. 

In humans, two randomized trials co 
pared antithrombin III with a synthetic p; 
tease inhibitor (83) or antithrombin III w 
heparin (84). Both studies documented a s 
nificant attenuation of disseminated intrav 
cular coagulation (DIC) after antithroml 
III treatment, but neither included a place 
control group. A placebo-controlled, doub 
blind trial in patients with septic shock a 
DIC treatment with a plasma concentrate 
antithrombin III achieved significantly e 
Her correction of DIC but failed to decres 
mortality in a significant manner (85). 

Compared with heparin alone, adjunct 
intracoronary therapy with a plasma at 
thrombin III concentrate does not appear 
have any beneficial effect on procedural o 
come as well as type and frequency of ac 
complications during percutaneous corons 
angioplasty (PTCA), even in subgroups of j 
tients with a high risk for thrombotic comj 
cations (86). Thus, a local deficiency of ai 
thrombin III does not seem to play a ma 
role for the failure of heparin to abol 
thrombotic complications during PTCA. 
should be noted that antithrombin III in co 
bination with heparin inhibits coron; 
restenosis in atherosclerotic swine subjec 
to balloon overstretch (87). A similar sti* 
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has not been conducted in patients. In a criti- 
cal authoritative review of the clinical use of 
antithrombin III concentrates it was con- 
cluded that antithrombin III is only beneficial 
in a few clinical situations in patients with 
hereditary antithrombin III deficiency (such 
as delivery, acute thromboembolic complica- 
tions, and postoperative prophylaxis). In ac- 
quired antithrombin III deficiency, there is no 
proven indication for the use of antithrombin 
III concentrates (88). 

Different recombinant antithrombin III 
molecules are now available. Numerous prob- 
lems had to be solved due to the failure to ob- 
tain satisfactory expression of functional or 
reactivatable antithrombin III from E. coli 
(89), Even expression in yeast gave only poor 
levels of active antithrombin (90). The major- 
ity of reports on active wild-type and variant 
antithrombin III have thus involved mam- 
malian cell or baculovirus expression. In ad- 
dition to the greater time involved in obtain- 
ing protein from such a system compared to 
E. coli, there is the further problem of hetero- 
geneous glycosylation, which would be ab- 
sent in bacterial expression. Differences in 
glycosylation of antithrombin have been 
shown to affect the affinity of the anti- 
thrombin for heparin (9 1-93). No randomized 
controlled trials with recombinant anti- 
thrombin III were published. 

INHIBITORS OF FACTOR VIII 

A synthetic 12-amino-acid peptide corre- 
sponding to a light-chain residue of factor 
VIII inhibits cleavage by thrombin of the 
heavy chain required for the activation of the 
procoagulant activity of factor VIII and also 
of the light chain required to dissociate factor 
VIII from von Willebrand factor. Tyrosine sul- 
fation of the peptide potentiates its recogni- 
tion by factor VIII (94). 

Several other glycosaminoglycans (such as 
suleparoide, hemoclar, arteparon) and der- 
matan sulfates (such as heparin sulfate) are 
being developed, but clinical experience with 
these as antithrombotic drugs is limited. The 
same holds true for synthetic hypersulfated 
bis-lactobionic acid amide (aprosulfate). 



NAROPARCIL 

It is known that the majority of mammalian 
tissues produce chondroitin sulfate and he- 
parin sulfate glycosaminoglycan chains when 
provided with exogenous (i-D-xylasides. This 
is considered to be achieved by competition 
between the exogenous (3-D-xylaside and the 
xylosylated serines on the core proteins of the 
endogenous proteoglycans undergoing bio- 
synthesis (95)» Naroparcil is a (3-D-xylaside 
(4-[4-cyanobenzoyl]-phenyl)-1.5-dithio-p-D- 
xylopyranoside (96,97). 

Naroparcil reduced thrombus weight in a 
Wessler stasis model of jugular vein thrombo- 
sis in rabbits in a dose-related manner giving 
an ED 5 o of 21 .'9 mg/kg and 36.0 mg/kg after 
intravenous and oral administration, respec- 
tively (97). Venous antithrombotic activity 
was maximal 2 to 3 hours after intravenous 
administration and 4 to 8 hours after oral ad- 
ministration. This suggests that naroparcil is 
not acting directly and that further metabo- 
lism is required, even after intravenous ad- 
ministration; this hypothesis is in line with the 
absence of any in vitro anticoagulant effect of 
the compound. 

The antithrombotic effect of naroparcil oc- 
curs without increases in either APTT or 
thrombin time and without detectable anti- 
factor Xa or antithrombin activity, although a 
dose-dependent reduction in thrombin gener- 
ation (only 50% when the antithrombotic ef- 
fect was maximal) and an increase in plasma 
dermatan sulfate-like material was observed. 
At antithrombotic doses no significant effect 
of naroparcil on bleeding time was noted. 

These interesting findings of naroparcil on 
a venous thrombosis model in the rabbit have 
to be confirmed in venous and arterial throm- 
bosis models in other animals. It is interest- 
ing that the bioavailability following oral ad- 
ministration of naroparcil in rabbits is high, 

COAGULATION INHIBITORS 
DERIVED FROM APROTININ 

Recently, a series of potential coagulation 
inhibitors derived from the bovine pancreatic 
trypsin inhibitor aprotinin was described. 
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These aprotinin-derived analogues showed 
significantly increased inhibition activity to- 
ward factor X 5 factor Vila-tissue factor com- 
plex, factor XIa, and plasma kallikrein (98), 
In flow chamber experiments with human 
blood, these compounds significantly inhib- 
ited fibrin formation and platelet deposition 
on extracellular matrix from phorbol ester 
stimulated human endothelial cells under both 
high- and low-shear stress and in the presence 
of low molecular weight heparin (99). 

Platelet-dependent thrombus deposition was 
quantified by dedicated image analysis after 
transillumination of the hamster femoral vein 
to which a standardized vascular trauma was 
applied. All tested aprotinin-derived agents, 
except for aprotinin, induced a dose-dependent 
decrease of thrombus formation and concomi- 
tant prolongation of the APTT with a complete 
inhibition of thrombus formation at two- to 
threefold prolongation of the APTT (100), 

These results are to be confirmed in other 
animal species and the safety profile is to be 
established before these compounds can be 
considered as potential candidates for an- 
tithrombotic therapy. 

INHIBITORS OF FACTOR XIII 

In blood, factor XIII is present in two 
forms. Plasma factor XIII is produced in the 
liver and consists of a heterotetramer with two 
catalytic A subunits and two noncatahytic B 
units (A 2 B 2 ) (101). Platelet factor XIII con- 
sists of only two A subunits (102). Both 
plasma and platelet forms of factor Xllla con- 
tribute to fibrin cross- .linking and to fibrin 
0t2-antiplasmin ligation in plasma (103). Fac- 
tor Xllla also cross-links other plasma pro- 
teins to fibrin, such as a2-antiplasmin (103) 
and fibronectin (104); cross-linked fibrin is 
largely resistant to thrombolytics. This ac- 
counts for the interest in finding agents that 
inhibit the activation of factor XIII or impede 
its action. Monoclonal antibodies inhibit both 
plasma and platelet factor XIII (101,104) and 
a thiadiazole inhibitor (L-722,151) was used 
in vivo as an antithrombotic agent in throm- 
bolysis experiments (105,106). 



CONCLUSION: THE IDEAL 
ANTITHROMBOTIC DRUG 

It is obvious that commercial antithrc 
boric drugs currently available for clinical 
all have serious drawbacks. Moreover, the 
says applied to monitor unfractionated 
parin (APTT) and vitamin K antagonist (! 
also have serious shortcomings. 

The combination of very-low-dose oral 
ticoagulants (targeted INR-2) with a poi 
antiaggregation may be a welcome way ou 
the prevention of thromboembolic compl: 
tions in patients at low or medhim-t 
thrombotic risk. Future drugs or drug con 
nations will all have to be tailored in acc 
dance with the pathogenesis of the throm 
(venous versus arterial thrombus, throm 
induced by mechanical trauma as in PT< 
thrombus on foreign surfaces as on ste 
platelet-rich versus platelet-poor thromb 
Local delivery of antithrombotic drugs or 
geting to the thrombus may increase the 1< 
concentration where most needed and al 
lower systemic levels, thereby reducing 
bleeding risk. With recombinant technol 
human natural anticoagulants can be obtai 
in liberal quantities (antithrombin HI, thn 
bomodulin, protein C, TFPI) and allows 
creation of mutants and hybrids. 

Table 14-1 summarizes what the ideal z 
coagulant should be. It is hoped that the pi 
erties of one of the numerous antithromb 
drugs in development would corresponc 
this hematologist's dream of obtaining an 
tithrombotic drug without anticoagulant p: 



TABLE 14-1. (deal antithrombotic agent 

Oral as well as parenteral effectiveness 
Rapid onset of action, <1 hour 
Rapid cessation of effect by nontoxic antidote 
Satisfactory therapeutic index, absence of side ef 
No cumulative action or toxicity from long-term us 
Predictable quantitative relation between dose an 
anticoagulant action 

Antithrombotic effect not requiring laboratory 
monitoring 

No or timlted interaction with commonly used dru; 

Large beneflt-tc-risk ratio 

inexpensive 
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Cardiovascular diseases, comprising acute my- 
ocardial infarction, stroke, and venous throm- 
boembolism, have as their immediate underly- 
ing cause thrombosis of critically situated 
blood vessels with loss of blood flow to vital 
organs. One approach to the treatment of 
thrombosis consists of irrfusing thrombolytic 
agents to dissolve the blood clot and to restore 
tissue perfusion and oxygenation. Throm- 
bolytic agents are plasminogen activators 
which activate the blood fibrinolytic system by 
activation of the proenzyme, plasminogen, to 
the active enzyme plasmin. Plasmin in turn di- 
gests fibrin to soluble degradation products. 
Inhibition of the fibrinolytic system occurs 
both at the level of the plasminogen activators, 
by plasminogen activator inhibitors (PAI-1 and 
PA1-2), and at the level of plasrnin, mainly by 
ot2-amiplasmin. Currently, five thrombolytic 
agents are available for clinical use; streptoki- 
nase, anisoylated plasrninogen streptokinase 
activator complex (APSAC), two-chain uroki- 
nase-type plasminogen activator {tcu-PA), 
single-chain u-PA (scu-PA, prourokinase), and 
tissue-type plasminogen activator (t-PA). 



Streptokinase, APSAC, and tcu-PA induce ex- 
tensive systemic plasmin generation; ct2-an- 
tiplasrnin inhibits circulating plasmin but may 
become exhausted during thrombolytic therapy 
because its plasma concentration is only about 
half that of plasrninogen. As a result, plasmin, 
which has a broad substrate specificity, will de- 
grade several plasma proteins, such as fibrino- 
gen, coagulation factors V t VIH, and XH and 
von Willebrand factor. These thrombolytic 
agents are therefore considered to be non-fib- 
rin-specific. in contrast, the physiologic plas- 
minogen activators, t-FA and scu-PA, are more 
fibrin-specific because they activate plasmino- 
gen preferentially at the fibrin surface and less 
in the circulation. Plasmin, associated with the 
Fibrin surface, is protected from rapid inhibi- 
tion by a2-annplasmin because its lysine bind- 
ing sites are not available and may thus effi- 
ciently degrade the Fibrin of a thrombus (1,2). 
The molecular interactions determining the 
Fibrin specificity of plasminogen activators are 
schematically illustrated in Fig. 17- L 

In patients with acute myocardial infarc- 
tion, reduction of infarct size, preservation of 
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FIG. 17-1 - Molecular interactions determining the fibrin specificity of thrombolytic agents. Non-1 
specific agents {streptokinase, tcu-PA, APSAC) extensively activate plasminogen in the i circu- 
blood, whereas fibrin-specific agents (t-PA, scu-PA, staphylokinase) prefBrentiaily activate fibn 
soclated plasminogen. 



ventricular function, and reduction in mortal- 
ity has been demonstrated with streptokinase, 
recombinant t-PA (rt-PA), and APSAC. The 
GUSTO (Global Utilization of Streptokinase 
and t-PA for Occluded Coronary Arteries) 
trial has conclusively established a correlation 
between early coronary patency and reduction 
in mortality (3), 

Nevertheless, all available thrombolytic 
agents suffer from significant shortcomings, 
including large therapeutic doses, short 
plasma half-lives, limited efficacy and fibrin 
specificity, reocclusion, and bleeding com- 
plications (1,2,4). At best, a brisk coronary 
flow (TIMI 3 grade) within 90 min is ob- 
tained in approximately half of the myocar- 
dial infarction patients treated with throm- 
bolytic drugs. To obtain this antegrade 
coronary flow requires an average of 45 min- 
utes, and reocclusion occurs in roughly 10% 
of patients. In most trials the residual mor- 
tality in patients treated with thrombolytic 
drugs is not less than half of that without 
thrombolytic treatment In the treatment of 



myocardial infarction and ischemic stra 
second limitation is the length of tin 
treatment; earlier and accelerated adn 
tration of thrombolytic drugs should b 
first and immediately applicable goal. I 
recanalization of an occluded artery nu 
fleet not only the velocity of plasmii 
activation in the thrombus, but also the 
with which the thrombolytic agent re 
and diffuses into the thrombus, and the ; 
with which the thrombolytic therapy c 
initiated. These ideas have encourage 
development of "front-loaded" or "b 
administration schedules. In the early 
of thrombolytic therapy, a rapid coun 
of the thrombolytic effect was thought 
an advantage, in that thrombolysis co\ 
interrupted rapidly if complication; 
curred This has proved more diffic 
achieve than anticipated because plas 
gen activation may continue within a t 
bus after systemic thrombolytic activr 
returned to normal. Conversely, agent 
rapid termination of action may be ui 
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factory because it might be difficult to en- 
sure completion of clot lysis without the 
technical difficulties of a carefully con- 
trolled infusion. Another limitation is the 
lack of significant impact of aspirin and he- 
parin on the speed of thrombolysis or resis- 
tance to lysis and, importantly, the fact that 
they do not consistently prevent reocclusion. 
Paradoxically, fibrinolytic drugs themselves 
can exert procoagulant effects through gen- 
eration of plasmin, which may activate the 
coagulation system resulting in a retardation 
of apparent thrombolysis, failure of initial 
recanalization, and virtually instantaneous 
reocclusion. Thus, vigorous, concomitant 
anticoagulation is needed. Specific reduc- 
tion of platelet aggregation is presently be- 
ing explored with monoclonal antibodies or 
synthetic peptides against die platelet recep- 
tor GPIIb/IIIa. Another approach is the use 
of selective inhibitors of thrombin, of factor 
Xa, or of factor Vila. Furthermore, it is pos- 
sible that the desired profile for a throm- 
bolytic agent to be used in patients with an 
acute coronary or carotid-vertebral occlu- 
sion, with its emphasis on speed, may not be 
optimal for agents to be used for other indi- 
cations, such as venous occlusion. 

Therefore the search continues for better 
thrombolytic agents or regimen. Recent ap- 
proaches to improve the thrombolytic proper- 
ties of plasminogen activators include the pro- 
duction of mutant plasrninogen activators, of 
chimeric molecules comprising portions of 
different plasminogen activators, of antibody- 
targeted plasminogen activators using fibrin- 
specific or platelet-specific monoclonal anti-. 
bodies, and of plasminogen activators from 
animal or bacterial sources (5-7). Some of 
these new thrombolytic agents have shown 
promise in animal models of venous or arter- 
ial thrombosis and in pilot clinical studies (7), 
In this chapter, we will focus on the biochem- 
istry, mechanism of action, and pharmacody- 
namic properties of presently available throm- 
bolytic agents and of some new and 
promising agents that are being developed for 
clinical use. 



FIBRIN-SPECIFIC 
THROMBOLYTIC AGENTS 

Wild-type Tissue-type 
Plasminogen Activator 

Physicochemical Properties 

The cDNA of t-PA has been cloned and the 
complete amino acid sequence has been de- 
tennined (8), The human t-PA gene, localized 
on chromosome 8 (bands 8.p.l2 -» q.11.2) 
consists of 14 exons, and the intron-exDn or- 
ganization suggests that the assembly oc- 
curred according to the "exon shuffling" prin- 
ciple, whereby the distinct structural domains 
are encoded by a single exon or by adjacent 
exons (for references, cf. 9). The proximal 
promoter sequences in the human t-PA gene 
contain typical TATA and CAAT boxes, and 
potential recognition sequences for several 
transcription factors have been identified 
(10,11). Consensus sequences of a cAMP-re- 
sponsive element and of an AP-2 binding site 
have been identified, which may have a coop- 
erative effect on constitutive t-PA gene ex- 
pression (12), 

Human t-PA was first isolated as a single- 
chain serine proteinase of 70 kDa, consisting 
of 527 amino acids with Ser as the NH 2 -ter- 
minal amino acid (8)j it was subsequently 
shown that native t-PA contains an NHz-ter- 
minal extension of three amino acids, but in 
general the initial numbering system has been 
maintained (Fig. 17-2). Limited plasmic hy- 
drolysis of the Arg^-De 276 peptide bond con- 
verts t-PA to a two-chain molecule held to- 
gether by one interchain disulfide bond. The 
t-PA molecule contains four domains: (a) an 
NH 2 -terminal region of 47 residues (residues 
4 to 50) (F domain), which is homologous 
with the finger domains mediating the fibrin 
affinity of fibronectin; (b) residues 50 to 87 
(E domain), which are homologous with epi- 
dermal growth factor; (c) two regions com- 
prising residues 87 to 176 and 176 to 262 (Ki 
and K2 domains), which share a high degree 
of homology with the five kringles of plas- 
minogen; and (d) a serine proteinase domain 
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Serine protease: part 



FIG. 17-2. Schematic representation of the primary structure of rt-PA. The amino acids are re 
sented by their single- letter symbols and black bars indicate disulfide bonds,The active site resii 
are indicated with an asterisk- The arrow indicates the plasmin cleavage site for conversion of 
gle-chain rt-PA to two-chain rt-PA !n reteplase <BM 06.022), the sequence comprising Val 4 thrc 
Glu 17S has been deleted, InTNK-rt-PA, Thr 103 is substituted by Asn t Asn 1 "by G!n, and the sequ- 
Lys 296 -Hls-Arg-Arg 209 ls mutagenized to Ala-AIa-Ala-Ata. 



(P, residues 276 to 527) with the active site 
residues His 322 , Asp 371 , and Ser 47 *. There are 
three potential N-glycosylation sites, at Asn 117 
(K0> Asn 1M (K 2 ), and Asn 44 * (P). t-PA prepa- 
rations usually contain a mixture of variant I 
(with all three glycosylation sites) and variant 
II (lacking carbohydrate at Asn J84 ) (8). The t- 
PA molecule is ellipsoidal and relatively com- 
pact (13), with the individual domains folded 
within the molecule yielding a globular struc- 
ture, which is stabilized by strong interactions 
between the proteinase domain and the F 
and/or E domains (14,15), In contrast to the 
single-chain precursor form of most serine 



proteinases, single-chain t-PA is enzyr 
cally active. On the basis of conformati 
similarities between single-chain and 
chain t-PA, it was postulated that the act 
of single-chain t-PA would involve an eqi 
rium between an active and a zymogenic 
formation, which would be shifted to th 
tive conformation upon substrate hir 
(16). Amino acid Lys 156 appears to play £ 
in the enzymatic activity of single-chain 
by stabilizing the active conformation (1 
Inhibition of t-PA by its physiologi 
hibitor PAM involves formation of a 1:: 
ichiometric reversible complex, follow* 



THROMBOLYTIC AGENTS 



305 



covalent binding between the hydroxyl group 
of the active site Ser 478 residue of t-PA and the 
carboxyl group of the Pi residue at the reac- 
tive center (Aig 346 ) of the inhibitor. The re- 
versible rugh-afiinity second-site interaction 
occurs between a negatively charged se- 
quence in PAI-1 (residues 350 to 355) and a 
positively charged region in t-PA (residues 
296 to 304) (for references, cf. 9), 

Mechanism of Action 

As all known plasminogen activators, t-PA 
converts its substrate plasminogen to plasmin 
by cleavage of a single Arg S61 -Val 562 peptide 
bond. t-PA is a poor enzyme in the absence of 
fibrin, but the presence of fibrin strikingly en- 
hances the activation rate of plasminogen, 
Optimal stimulation is only obtained after 
early plasmin cleavage m the COOH-terminal 
a chain and the NH2-terminal p chain of fib- 
rin, yielding fragment X polymer (18). Ki- 
netic data (19) support a mechanism in which 
fibrin provides a surface to which t-PA and 
plasminogen adsorb in a sequential and or- 
dered way yielding a cyclic ternary complex. 
Formation of this complex allows an en- 
hanced affinity of t-PA for plasminogen re- 
sulting in an up to three orders of magnitude 
higher catalytic efficiency for plasminogen 
activation. Plasmin formed on the fibrin sur- 
face has both its lysine binding sites and ac- 
tive site occupied and is thus only slowly in- 
activated by a2~antiplasmin; in contrast, free 
plasmin, when formed, is very rapidly inhib- 
ited by a2-antiplasmin (for references, cf 9), 

Pharmacokinetic Properties 

rt-PA (predorninantly two-chain material) is 
cleared from the circulation in a biphasic man- 
ner with an initial half-life of 6 minutes and a 
terminal half-life of 64 minutes in humans 
(20). The initial and terminal half-lives of sin- 
gl^chain rt-PA, following infusion of 8.3 jag 
per kg per minute over 30 minutes in healthy 
volunteers, were 3.3 and 26 minutes (21). In 
patients with acute myocardial infarction, 
clearance of single-chain rt-PA was found to be 



30% to 40% more rapid than two-chain rt-PA 
(22), Clearance is the result of interaction with 
several receptor systems. Liver endothelial 
cells have a mannose receptor that recognizes 
the high-mannose-type carbohydrate side 
chain at Asn 1 17 in the Ki domain, whereas liver 
parenchymal cells contain a calcium-depen- 
dent receptor that interacts mainly with the 
growth factor domain of t-PA (23,24). In addi- 
tion, the low-density lipoprotein receptor-re- 
lated protein (LRP), expressed in high copy 
number on hepatocytes, binds free t-PA and 
complexes with PAI-1 (25,26). ' 

Dosage 

The recommended dose of recombinant t- 
PA (alteplase, Activase, Actilyse) for the treat- 
ment of acute myocardial infarction was 100 
mg administered as 60 mg in the first hour (of 
which 6 to 10 mg is administered as a bolus 
over the first 1 to 2 minutes), 20 mg over the 
second hour, and 20 mg over the third hour. 
More recently, it was proposed to give the same 
total dose. of 100 mg but "front-loaded," start- 
ing with a bolus of 15 mg followed by 50 mg 
in the next 30 minutes and the remaining 35 
rag in the following hour (27). In the GUSTO 
trial, a dose of 15 mg intravenous bolus of al- 
teplase followed by 0.75 mg per kg over 30 
minutes (not to exceed 50 mg) and then 0.50 
mg per kg over 60 minutes (not to exceed 35 
mg) was utilized (3). In the COBALT trial, 
double-bolus administration of rt-PA (50 mg 
given 30 minutes apart) was evaluated in pa- 
tients with myocardial infarction (28), 
Whichever regimen is used, it is important to 
coadminister intravenous heparin during and 
after alteplase treatment For catheter-directed 
local thrombolysis with alteplase in patients 
with recent peripheral arterial occlusion, a dose 
of 0.05 to 0.1 0 mg per kg per hour over an 8- 
hour period is usually recommended. 

Mutants and Variants of Tissue-type 
Plasminogen Activator 

By deletion or substitution of functional 
domains, by site-specific point mutations, 
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and/or by altering the carbohydrate composi- 
tion, mutants of rt-PA have been produced 
with higher fibrin specificity, more zymo- 
genicity, slower clearance from the circula- 
tion, and resistance to plasma proteinase in- 
hibitors. 

During thrombolytic therapy there is a vast 
excess of t-PA over PAI-1 in the circulation, but 
critical lysis occurs at the surface of an arterial 
thrombus where the local PAI-1 concentration 
can be very high [29). Therefore, mutants with 
resistance to PAI-1 may be useful to reduce re- 
occlusion. In addition, mutants with prolonged 
half-life may allow efficient thrombolysis by 
bolus administration at a reduced dose. Several 
mutants and variants of t-PA are presently eval- 
uated at the preclinical level in animal models 
of venous and arterial thrombosis and in pilot 
studies, mainly in patients with acute myocar- 
dial infarction. These agents include reteplase 
(Rapilysin or Ecokinase), TNK-rt-PA, and the 
vampire bat (Desmodus rotundus) salivary 
plasminogen activator, 

Physicochemical Properties 

Reteplase (BM 06.022) is a single-chain 
nonglycosylated deletion variant consisting 
only of the kringle 2 and the proteinase do- 
main of human t-PA; it contains amino acids 
1-3 and 176-527 of rt-PA (deletion of Val*- 
Glu 17S ; cf. Fig. 17-2), The Arg^-lle 276 plas- 
min cleave site is maintained (30). 

InTNK-rt-PA, replacement of Asn 117 with 
Gin (Nl 17Q) deletes the glycosylation site in 
Ki whereas substitution of Thr 1 03 by 
Asn(T103N) reintroduces a glycosylation site 
in Ki, but at a different locus; these modifica- 
tions substantially decrease the plasma clear- 
ance rate. In addition, the amino acids Lys 296 - 
His 297 -Arg 29S ~Arg 299 were each replaced with 
Ala (cf. Fig. 17-2) (31), 

Different molecular forms of the Desmodus 
salivary plasminogen activator (DSPA) have 
been purified, characterized, cloned, and ex- 
pressed. Two high molecular weight forms, 
DSPAot! (43 kDa) and DSPAa 2 (39 kDa), ex- 
hibit about 85% homology to human t-PA, but 
contain neither a kringle 2 domain nor a plas- 



min-sensitive cleavage site, DSPAJ3 lacks 
finger domain and DSPAy lacks the fin 
and epidermal growth factor doma 
(32-34). 

Mechanism of Action 

The active site in the proteinase domair 
reteplase and of t-PA and their p] 
minogenolytic activity in the absence o 
stimulator do not differ, but the p! 
minogenolytic activity of reteplase in 
presence of CNBr fragments of f ibrinoger 
a stimulator was found to be fourfold lowe: 
compared to t-PA, whereas the binding 
reteplase to fibrin was fivefold lower (30,: 
These differences might possibly be due 
the missing finger domain in reteplase. 1 
known that fibrin binding is mediated throi 
both the fmger domain and the lysine bind 
site in the kringle 2 domain of t-PA. Retepl 
and t-PA are inhibited by PAI-1 to a sim 
degree. The affinity of reteplase forbindin: 
endothelial cells and monocytes is reducec 
compared to t-PA, probably as a conseque 
of deletion of the finger and epider 
growth factor domains in reteplase wt 
seem to be involved in the interaction with 
dothelial cell receptors (36)* 

TNK-rt-PA has a similar ability as w 
type rt-PA to bind to fibrin and to Iyse fil 
clots in a plasma milieu (31). It has an 
hanced fibrin specificity, resistance to mh 
tion by PAI-1, and slower plasma cleara 
(37). 

DSPAal and DSPAa2 exhibit a spec 
activity in vitro that is equal to or higher t 
that of rt-PA, a relative PAI-1 resistance, 
a greatly enhanced fibrin specificity wit 
strict requirement for polymeric fibrin c 
cofactor (32,34). 

Pharmacokinetic Properties 

Pharmacokinetic analysis of plasma ac 
ity in the rabbit revealed a half-life of 1 8 
1.5 minutes for reteplase and 2.1 ± 0.1 r 
utes for altcplase, with a 4.3-fold sic 
plasma clearance for reteplase than for 



THROMBOLYTIC AGENTS 



307 



teplase (38). In healthy human volunteers (39) 
and in patients with acute myocardial infarc- 
tion (40), an initial half-life of 14 to 18 min- 
utes was observed for reteplase. 

TNK-rt-PA has a slower clearance and 
.marked resistance to PAI-1. It was shown to 
have an increased thrombolytic potency on 
platelet-rich clots in rabbits, to conserve fib- 
rinogen, and to be effective upon bolus ad- 
ministration at half the dose of rt-PA (31,41). 
Similar results were obtained in a combined 
arterial and venous thrombosis model in the 
dog (42) and in a rabbit carotid artery throm- 
bosis model (43). In patients with acute my- 
ocardial infarction, TNK-rt-PA has a plasma 
clearance of 151 ± 55 ml per minute and a 
half-life of 1 7 ± 7 minute, as compared to 572 
± 132 ml per minute and 3.5 ±1.4 minute for 
wild-type rt-PA (44). 

In several animal models of thrombolysis, 
DSPAotl has a 2,5 times higher potency and 
four- to eightfold slower clearance than t-PA 
(45-49). Recombinant DSPAotl produced in 
mammalian cell culture may be suitable for 
bolus administration, whereby its long half- 
life and high specific activity may allow a re- 
duction of the therapeutic dose (49). 

Dosage 

Different doses of reteplase in patients with 
acute myocardial infarction were evaluated in 
two open nonrandomized pilot trials (50,51). 
The randomized RAPID I trial showed that 
reteplase, when given as a double bolus of 10 
plus 10 MU 30 minutes apart, achieves more 
rapid, complete, and sustained thrombolysis 
than standard dose alteplase (100 mg over 3 
hours) (52), In the RAPID n trial, the same 
reteplase dose regimen appeared to achieve 
higher rates of early reperfusion than front- 
loaded alteplase (53). In the INJECT study, a 
double-blind randomized trial in patients with 
acute myocardial infarction, administration of 
two boluses of 10 MU reteplase given 30 min 
apart was compared with streptokinase (1.5 
MU intravenously over 60 minutes) (54). 

In the Thrombolysis in Myocardial Infarc- 
tion (TIMI) 1 OA trial, a phase 1 dose-ranging 



pilot study in patients with acute myocardial 
infarction, single-bolus TNK-rt-PA was ad- 
ministered over 5 to 10 seconds with doses 
ranging from 5 to 50 mg (44). The agent was 
fibrin-specific with initial patency and safety 
profile at 30- to 50-mg doses, which appeared 
encouraging. 



Single-Chain Urokinase-type 
Plasminogen Activator 

Physicochemicat Properties 

Urokinase (u-PA) was first found in urine 
at relatively high concentrations (200 to 300 
ng/ml) and was later identified in human 
plasma at a level of about 3 to 5 ng/ml. u-PA 
is secreted as a single-chain molecule (scu- 
PA, pro-urokinase) that may be converted to a 
chain-chain form (tcu-PA). The cDNA has 
been cloned and expressed (55). 

scu-PA is a serine proteinase of 41 1 amino 
acids in a single polypeptide chain, with ac- 
tive site triad His 204 , Asp 255 , and Ser 356 (Fig. 
17-3). The molecule contains an Mfc-termi- 
nal growth factor domain and one kringle 
structure homologous to the five kringles 
found in plasminogen and the two kringles in 
t-PA (51). u-PA contains only one N-glycosy- 
lation site (at Asn 302 ), and contains a fucosy- 
lated threonine residue at position 18* Con- 
version of scu-PA to tcu-PA occurs after 
proteolytic cleavage at position Lys l58 -IIe 159 
by plasmin (56), but also by kallikrein (57), 
trypsin, cathepsin B, human T-cell-associated 
serine proteinase-1, and thermolysin, A fully 
active tcu-PA derivative is obtained after addi- 
tional proteolysis by plasmin at position 
Lys l33 -Lys 13d . A low molecular weight form 
of scu-PA (32 kDa) can be obtained by selec- 
tive cleavage at position GIu 143 -Leu 144 (58); 
this cleavage can be obtained with matrix 
metalloproteinase Pump-1 (59). In contrast, 
scu-PA is converted to an inactive two-chain 
molecule by thrombin after proteolytic cleav- 
age at position Arg I56 -Phe 157 (57). This inacti- 
vation is strongly enhanced in the presence of 
thrombomodulin and is dependent on the 0- 
linked glucosaminoglycan of thrombomod- 
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FIG. 17-3. Schematic representation of the primary structure of scu-PA, The amino acids are re 
sented by their single letter symbols and bfack bars indicate disulfide bonds. The active site reslc 
are indicated with an asterisk. The arrows indicate the plasmin cleavages sites for conversion c 
kDa scu~PA to 54 kDa tcu-PA (Lys 15B -lle 159 ), and of 54 kDa icu-PA to 33 kDa tcu-PA (Lys 135 -Lys 
the thrombin cleavage site (Arg 1S6 -Phe 157 > yielding inactive 54 kDa tcu-PA, and the conversion 
to 32 kDa scu-PA (Qlu^Leu 144 )* 



ulin (60), The cof actor effect of thrombomod- 
ulin on the inactivation of scu-PA by thrombin 
could be demonstrated in a perfused rabbit 
heart model (61). 

Mechanism of Action 

u-PA is a serine proteinase with a high sub- 
strate specificity for plasminogen. In contrast 
to tcu-PA, scu-PA displays very low activity 
toward low molecular weight chromogenic 
substrates, Scu-PA appears to have some in- 
trinsic plasminogen activating potential, 
which represents < 0.5% of the catalytic effi- 
ciency of tcu-PA (62,63). However, other in- 
vestigators have claimed that scu-PA has no 
measurable intrinsic amidolytic or plasmino- 



gen activator activities (64), The occum 
of a transitional state of scu-PA with a hi] 
catalytic efficiency for native plasminc 
than tcu-PA has been postulated (65). ! 
thermore, it was reported that fibrin fragr 
E-2 selectively promotes the actLvatior 
plasminogen by $cu-PA t mainly by enhan 
the catalytic rate constant of the activz 
(66). Indeed scu-PA is not an efficient ac- 
tor of plasminogen bound to internal ly 
residues on intact fibrin, but it develo] 
higher activity toward plasminogen boun 
newly generated COOH-teirninal 1> 
residues on partially degraded fibrin I 
Subsequent studies confirmed that the fi 
specificity of scu-PA does not require its 
version to tcu-PA but appears to be medi 
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by enhanced binding of plasminogen to par™ 
tially digested fibrin (68), 

In plasma, in the absence of fibrin, scu-PA 
is stable and does not activate plasminogen; in 
the presence of a fibrin clot, scu-PA, but not 
tcu-PA, induces fibrin-specific clot lysis (62). 
scu-PA does not bind to a significant extent to 
fibrin, although in the presence of Zn 2 * ions 
some binding has been reported (69). The in- 
trinsic activity of scu-PA toward fibrin-bound 
plasminogen may contribute to its fibrin 
specificity. Furthermore, a2-antiplasmin in 
plasma prevents conversion of scu-PA to tcu- 
PA outside the clot and thus preserves fibrin 
specificity (70). 



Pharmacokinetic Properties 

The turnover of different molecular forms 
of u~PA in blood of different animal species 
occurs with an initial half-life of approxi- 
mately 3 to 7 minutes (62,71-74), Because 
similar turnover rates were observed for I25 I- 
labeled tracer, enzymatic activity, and anti- 
gen, this short half-life seems to be an inher- 
ent property of u-PA, The main mechanism of 
removal of u-PA from the blood appears to oc- 
cur by hepatic clearance. Experimental hepa- 
tectomy in rabbits indeed markedly prolongs 
the initial half-life of scu-PA (from 3 minutes 
to 20 to 30 minutes) (71). scu-PA is taken up 
in the liver via a recognition site on parenchy- 
mal cells and is subsequently degraded in the 
lysosomes (75)* 

The rapid clearance of u-PA apparently is 
not mediated via carbohydrate receptors be- 
cause very similar turnover characteristics are 
observed for both the scu-PA and tcu-PA 
forms of unglycosylated recombinant mole- 
cules are of glycosylated natural molecules. It 
does not occur via reaction with plasma pro- 
teinase inhibitors and subsequent rapid clear- 
ance of the complexes because active site 
blocked tcu-PA and scu-PA, which do not re- 
act with plasma protease inhibitors, have the 
same half-life as the active tcu-PA forms (71), 
In addition, the similar half-life observed for 
32 kDa scu-PA indicates that clearance is not 



mediated via the NH2-terminal portion of the 
molecule (72), 

Following intravenous infusion of natural 
or recombinant scu-PA in patients with acute 
myocardiai infarction, a biphasic disappear- 
ance was observed with initial half-lives in 
plasma (postinfusion) of 4 minutes or 8 min- 
utes, respectively (76,77). This short half-life 
suggests that the maintenance of a therapeutic 
level of the agent in plasma may require its 
continuous infusion. 

Dosage 

Saruplase is the generic name for full- 
length unglycosylated human recombinant 
scu-PA obtained from Escherichia coll With 
a preparation containing 160,000 IU per mg, 
the dose used successfully in patients with 
acute myocardial infarction (PRIMI Study) 
was 20 mg given as a bolus and 60 mg over 
the next 60 minutes, immediately followed by 
an intravenous heparin infusion (20 IU per kg 
per hour) for 72 hours (78). In the LIMITS 
Study in patients with acute myocardial in- 
farction, the same dose regimen of saruplase 
was used, but with a prethrombolytic heparin 
bolus of 5,000 IU and an intravenous heparin 
infusion for 5 days starting 30 minutes after 
completion of thrombolysis (79). A recombi- 
nant glycosylated form of prourokinase (A- 
74187) has been evaluated m patients with 
acute myocardial infarction using 60 or 80 mg 
monotherapy or 60 mg primed with a preced- 
ing bolus of 250,000 IU of recombinant tcu- 
PA, always combined with aspirin and intra- 
venous heparin (80). 

Staphylokinase 

Physicochemical Properties 

Staphylokinase, a plasminogen activator 
produced by certain strains of Staphylococcus 
aureus , was shown to have profibrinolytic 
properties more than four decades ago 
(81,82), Natural staphylokinase has been pu- 
rified from & aureus strains that were trans- 
formed with bacteriophages containing the 
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staphylokinase gene or that had undergone 
lysogenic conversion to staphylokinase pro- 
duction (53,84). In addition, the staphyloki- 
nase gene has been cloned from the bacterio- 
phages sahsQ (85) and sak4ZD (86) as well as 
from the genomic DMA {sakSTAK) of a lyso- 
genic £ aureus strain (84), 

The staphylokinase gene encodes a protein 
of 163 amino acids with amino acid 28 corre- 
sponding to the NHs-terminal residue of the 
mature protein, which consists of 136 amino 
acids in a single polypeptide chain without 
disulfide bridges. The mature proteins Sak- 
STAR, Sak0C, and Sak42D differ in only 
three amino acids; amino acid 34 is Ser in 
SakSTAR but Gly in SakaC and Sak42D; 
amino acid 36 is Gly in SakSTAR and in 
SakflC, butArg in Sak42D; and amino acid 43 
is His in SakSTAR and in SaksC, but Arg in 
Sak42D (87-89). Tn purified preparations, 
different molecular forms of staphylokinase 
with slightly different molecular weight and 
isoelectric points have been observed; molec- 
ular forms have been characterized lacking 
the 6 or the 10 NH2-terminal amino acid 
(84,88,89). 

Mechanism of Action 

Staphylokinase forms a 1:1 stoichiometric 
complex with plasmin(ogen) (90j91). It is not 
an enzyme, and generation of an active site in 
its equimolar complex with plasminogen re- 
quires conversion of plasminogen to plasmin. 
Thus, the plasmin-staphylokinase complex is 
the active enzyme (92,93). This is in contrast 
with streptokinase, which produces a complex 
with plasminogen that exposes the active site 
in the plasminogen moiety without prote- 
olytic cleavage (94). Kinetic data suggest the 
following mechanism for plasminogen activa- 
tion in a buffer milieu. 

P +S 

P + S s ^ P.S v p.S 

P 



Plasmin (P) and staphylokinase (S) prodi 
an inactive 1:1 stoichiometric complex (P- 
which does not activate plasminogen. The 
tivation reaction appears to be initiated 
trace amounts of plasmin (p), which genen 
active plasmin-staphylokinase complex (p 
(93). In mixtures with excess plasminoj 
over staphylokinase, generated p-S convi 
excess plasminogen to plasmin. In additi 
kinetic analysis has revealed that genera 
p-S converts P-S to p-S, thus representin 
potential positive feedback mechanism (I 
However, the main pathway for plasmin g 
eration in the above scheme appears to be 
activation of P by p-S formed by binding c 
to p. This is supported by binding data 
tained with fluorescently labeled staphyh 
nase, showing that it has a much higher af 
ity for plasmin than for native plasmino 
(96). 

In a butler milieu, a2-antiplasmin rapi 
inhibits the p-S complex if the lysine bi 
ing sites in the plasmin moiety of the c< 
plex are available (92,97,98). Fibrin, hut 
fibrinogen, reduces the inhibition rate of 
complex by 0C2-antiplasmin by competing 
interaction with the lysine binding site 
By delaying inhibition of plasmin or ; 
complex by ct2-antiplasmin, fibrin thus fa 
itates generation of active p-S complex (' 
However, staphylokinase dissociates fi 
the p-S complex following neutralizatioi 
ot2-antiplasmin and is recycled to other p 
min(ogen) molecules (100), Thus, exten 
systemic plasminogen activation with 
phylokinase would be expected in plas 
which is in contradiction with its obset 
fibrin specificity. This may be explainec 
the finding that in the absence of fibrir 
significant amounts of p-S are generated 
cause traces of plasmin are inhibited by 
antiplasmin. In the presence of fibrin, ge 
ation of the p-S complex is facilit 
because traces of fibrin-bound plasmin 
protected from ok-antiplasmin and, furt 
more, inhibition of p-S by ok-antiplasmi 
the clot surface is delayed more than : 
fold. Thus, generated p-S may efficie 
convert P-S to p-S and excess P to p. R 
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cling of staphylokinase to fibrin-bound plas- 
min, after slow neutralization of the p-S 
complex, will result in more efficient gener- 
ation of the complex. In addition, binding 
data obtained with fluorescently labeled 
staphylokinase indicate that it does not bind 
to a significant extent to plasminogen in cir- 
culating plasma, but binds with high affinity 
to plasmin and to plasminogen which is 
bound to partially degraded fibrin (96). 

Recently, biochemical studies with highly 
purified recombinant staphylokinase, initial 
experiments in animal models of thrombosis, 
and pilot studies in patients with acute my- 
ocardial infarction or peripheral arterial oc- 
clusion have revealed that staphylokinase is 
an efficient and highly fibrin-specific plas- 
minogen activator (101,102). 

Pharmacodynamic Properties 

In patients with acute myocardial infarction 
treated with an intravenous infusion of 10 mg 
staphylokinase (SakSTAR) over 30 minutes, 
the concentration of staphylokinase-related 
antigen in blood at the end of the infusion in- 
creased to between 0.9 and 1.7 Jig/ml. The 
postinfusion disappearance of staphyloki- 
nase-related antigen from plasma occurred in 
a biphasic manner with a hna. of 6.3 minutes 
and a t\np of 37 minutes, corresponding to a 
plasma clearance of 270 ml/min (103). In the 
STAR trial, SakSTAR antigen levels in 25 pa- 
tients with acute myocardial infarction receiv- 
ing 10 mg IV over 30 minutes were 0.56 ± 
0,06 jig/ml at 25 minutes and 0.16 ± 0.04 
|ig/ml at 90 minutes, with corresponding lev- 
els of 1.9 ± 0.22 |xg/ml and 0,42 ± 0,06 jigftnl 
in 23 patients receiving 20 mg SakSTAR over 
30 minutes (104). 

Unfortunately, the somewhat low-grade 
antigenicity of staphylokinase, as suggested 
by early dog and baboon experiments, is not 
extended to patients. The vast majority of pa- 
tients with either myocardial infarction 
(103,104) or peripheral arterial occlusion 
(105) developed neutralizing antibodies to 
SakSTAR, albeit after a long lag phase of 7 to 
12 days, that remained elevated well above 



pretreatment levels for several months after 
administration (106). However, the titers of 
preformed anti-SakSTAR antibodies in the 
general population appeared to be lower than 
those of antistreptokinase antibodies (107), 
and even systemic S. aureus infections failed 
to induce SakSTAR-neutratizing antibodies 
in most patients (105), possibly reflecting the 
low proportion of S. aureus strains that 
produce staphylokinase. The boost of neutral- 
izing antibody titers upon infusion of 
SakSTAR, however, predicts therapeutic 
refractoriness on repeated adniinistration. 
Therefore, the restriction to single use ap- 
plies probably both to streptokinase and 
staphylokinase. The absence of cross-reactiv- 
ity to streptokinase of antibodies elicited by 
SakSTAR, and vice versa, suggests that the 
consecutive use of both plasminogen activa- 
tors may be feasible (107). Furthermore, vari- 
ants of recombinant staphylokinase with re- 
duced immunogenicity have been obtained 
by site-directed mutagenesis (108-1 12). 
Thus, substitution mutagenesis in recombi- 
nant staphylokinase (SakSTAR) of clusters of 
two or three charged amino acids with ala- 
nine identified two variants, SakSTAR.M38 
(with K35, E38, K74 f E75, and R77 substi- 
tuted with A) and SakSTAR,M89 (with K74, 
E75, R77, E80, and D82 substituted with A) 
that had a markedly reduced expression of 
two of the three immunodominant epitopes of 
SakSTAR but also had an approximately 50% 
reduced specific activity. These mutants did 
not recognize approximately one third of 
the antibodies elicited in patients by treat- 
ment with wild-type SakSTAR, and elicited 
markedly less circulating neutralizing anti- 
bodies and significantly less resistance to 
thrombolysis in rabbits than wild-type Sak- 
STAR. In patients with peripheral arterial oc- 
clusion given doses of 6.5 to 12 mg of com- 
pound, SakSTAR.M38 and SakSTAR.M89 
induced significantly less neutralizing anti- 
body and staphylokinase-specific IgG than 
wild-type SakSTAR (109). 

In a subsequent study, the effect of the re- 
versal of one or more of these substituted 
amino acids on the ratio of activity to anti- 
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genicity was evaluated (111). In pooled 
plasma from patients with peripheral arterial 
occlusion treated with wild-type SakSTAR, 
about 40% of the antibodies depended on 
K74 of epitope K74, E75, and R77 for bind- 
ing, whereas epitopes K35, E38 and E80, and 
D82 had a negligible contribution toward an- 
tibody recognition, SakSTAR (K74), with a 
single substitution of Lys 74 with Ala, had an 
intact specific activity but did not absorb 40% 
of the antibodies induced in patients by treat- 
ment with wild-type SakSTAR, The throm- 
bolytic potency and antibody induction of 
SakSTAR (K74) and of SakSTAR (K74ER) 
with Lys 74 , Glu 75 , and Arg 77 replaced by AW 
were studied in more detail (112). Intra-arter- 
ial adniinistration in patients with peripheral 
arterial occlusion of SakSTAR (K74) or Sak- 
STAR (K74ER) induced significantly less 
circulating neutralizing antibody than Sak- 
STAR. Overt neutralizing antibody induction 
(>10 fig compound neutralized/ml plasma) 
occurred in all 9 patients given wild-type 
SakSTAR, in 6 of the 1 1 SakSTAR (K74) pa- 
tients, and in 2 of the 6 SakSTAR (K74ER) 
patients* Thus, SakSTAR (K74) and Sak- 
STAR (K74ER) appear to have intact throm- 
bolytic potencies but induce significantly less 
antibody formation in patients. 

These variants provide proof of concept 
that reduction of the immunogenicity and im- 
munoreactivity of recombinant staphyloki- 
. nase by protein engineering may be feasible. 

Dosage 

In the first pilot recanalization studies, pa- 
tients with acute myocardial infarction were 
given 10 mg IV SakSTAR, as a 1-mg bolus 
followed by infusion of 9 mg over 30 minutes 
(103). In the STAR trial, patients randomized 
to intravenous SakSTAR were given 10 mg 
over 30 rninutes in the first half of the study 
and, following a prospectively planned interim 
analysis, 20 mg over 30 rninutes in the second 
half, always with an initial 10%bolus(104).In 
a phased, angiographicalry controlled pilot 
study on bolus Sak42D infusion for coronary 
thrombolysis, 20 mg Sak42D was given over 5 



minutes at study entry, with a second bolu 
10 mg over 5 minutes at 60 minutes if angi 
raphy showed TIM perfusion grade 0, 1, t 
(113), The encouraging experience obtaine 
this pilot study inspired a multicenter rand< 
ized trial in patients with evolving myocar 
infarction, comparing accelerated rt-PA wi 
1 double bolus of 15 mg Sak42D given 30 r 
' utes apart. 

In a pilot study in patients with periph 
arterial occlusion, intra-arterial cathetei 
tected SakSTAR was given as a bolus of 1 
followed by a continuous infusion of 0.5 
per hour, or as a 2-mg bolus followed by ai 
fusion of 1 mg per hour, together with hepi 
Complete recanalization was obtained in \ 
of the patients after 7,0 ± 0.7 mg SakSTAI 
fused over 8.7 ± 1.0 hours (105). 

NON-FIBKIN-SPECIFIC 
THROMBOLYTIC AGENTS 

Two-Chain Urokinase-type Plasminof 
Activator 

Physicockemical Properties 

Urokinase is a naturally occurring ] 
minogen activator excreted in human u 
from which it can be extracted; urokinase 
also be isolated from tissue cultures of hu 
embryonic kidney cells. It is a trypsin-lilo 
zyme composed of two polypeptide chai 
light chain with 158 amino acids and a h 
chain with 253 arnino acids). Urokinas* 
curs in two molecular forms designated S 
kDa, low molecular weight u-PA) and S: 
kDa, high molecular weight u-PA), the fo 
being a proteolytic degradation product c 
latter generated by plasmin cleavage o 
Lys l3S -Lys I3S peptide bond (114). The 
chain 54 -kDa molecule is generated by p 
olytic cleavage of the single-chain prec 
scu-PA (cf. supra), 

Mechanism of Action 

tcu-PA activates plasminogen directlj 
lowing Michaelis-Menten kinetics. The 
chain molecule has no specific affinit 
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Aspirin and dipyridamole 

Freek WA Verbeugt 



Introduction 

Thrombosis plays a major role in the patho- 
genesis of cardiovascular diseases. Throm- 
boses in both coronary and cerebral arteries 
are complications of atherosclerosis, the most 
important single cause of mortality in the 
Western world. Both myocardial and cerebral 
infarction cause impressive mortality and mor- 
bidity in millions of patients each year. Not 
only arterial thrombosis but also thrombosis 
in the heart cavities is responsible for the 
major morbidity and mortality of cardiovascu- 
lar disease. Intracardiac thrombosis can be 
seen in atrial fibrillation, in patients with arti- 
ficial valves and in those with left ventricular 
aneurysms. 

From the 1950s antithrombotic therapy has 
been applied with large success to prevent 
these frequently fatal thrombotic complica- 
tions. Anticoagulants (heparin and Coumadin) 
were the first antithrombotic agents used in 
the prevention and treatment of arterial 
thrombosis, hi the 1970s agents interfering 
with platelet function were introduced and 
found to be effective in the prevention and 
treatment of arterial thrombosis. Males and 
females benefit equally from antiplatelet ther- 
apy in the secondary prevention of cardiovas- 
cular disease. 1 In hypertensive patients, the 
efficacy of antiplatelet agents is similar to that 
in normotensives and in diabetes antiplatelet 
therapy is as effective as in non-diabetics. 1 



The most regularly used antiplatelet agents 
in cardiovascular disease are aspirin (acetylsal- 
icylic acid) and dipyridamole (Persantin). 1 

Pharmacology of aspirin and 
Persantin 

Pharmacology of aspirin 

The effect of aspirin on haemostasis has been 
recognized for several decades. The second 
step of the aggregation of blood platelets by 
ADP is almost completely blocked by the 
drug* 

Platelet aggregation is one of the pathways 
through which clots are formed on damaged 
arterial wall. Platelets can aggregate under sev- 
eral stimuli, one of which is mediated through 
thromboxane A 2 a platelet specific pros- 
taglandin that can only be generated in the 
presence of cyclo-oxygenase. Cyclo-oxygenase 
production is regulated in the cell nucleus. 
Aspirin inactivates cyclo-oxygenase. Since 
platelets lack nuclei, cyclo-oxygenase is inacti- 
vated irreversibly by aspirin during the life of 
the platelet. Therefore, one dose of aspirin 
blocks, almost completely, and for several 
days the platelet's ability to aggregate via the 
thromboxane pathway and produce further 
thromboxane (Figure 6, 1 ). Thromboxane 
promotes platelet aggregation and also vaso- 
constriction. Each active mechanism in nature 
is counterbalanced: in this case, platelet 



CONCLUSIONS 



75-100 mg three times daily. Recently a slow- 
release formulation of 200 mg to be given 
twice daily has become available. 

Side-effects of dipyridamole 
Owing to its vasodilating properties, dipyri- 
damole may induce headache and vertigo; 
sometimes flushing is noted. Nausea, vomiting 
and diarrhoea are rare side-effects. These 
adverse effects usually disappear rapidly fol- 
lowing drug withdrawal. 



Conclusions 

Both aspirin and Persantin (dipyridamole) are 
well-tolerated antiplatelet agents. Although 
aspirin is a relatively weak platelet inhibitor, 
its efficacy and safety is overwhelming and its 
cost-effectiveness in the management of car- 
diovascular disease unparalleled. Aspirin in its 
usual low-dose formulation irreversibly blocks 
platelet cyclo-oxygenase, but not extraplatelet 
prostaglandin production by, for examplej 
macrophages and proliferating smooth muscle 
cells. Persantin is an antiplatelet agent with a 
questionable efficacy. Although it is probably 
safe, its main use is as an intravenous drug to 
precipitate myocardial ischaemia for diagnos- 
tic purposes. 
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Abciximab 

James J Ferguson and Paul Kim 



Introduction 

The purpose of this chapter is to summarize 
the currently available clinical data on abcix- 
imab (c7E3 Fab, ReoPro), a chimeric mono- 
clonal antibody directed at platelet 
glycoprotein (GP) Hb/IHa. Since its commer- 
cial release in January 1995, there has been 
considerable controversy about the appropri- 
ate clinical role for this potent form of 
antiplatelet therapy. This chapter provides 
background information on the development 
of abciximab, data from recent randomized 
clinical trials presents some areas of current 
clinical controversy, and explores some of the 
potential future applications of abciximab* 

Background/development 

Platelet glycoprotein Ilb/IIIa antagonists are a 
novel class of therapeutic compounds that 
inhibit platelets by blocking the final common 
pathway of platelet aggregation. A variety of 
antibody, peptide, and nonpeptide compounds 
have been developed. Several of these agents 
have been studied in recent clinical trials; the 
most extensively investigated and the first to 
enter the commercial marketplace in the USA 
is abciximab, a chimeric human murine anti- 
body Fab fragment. 

Coller was the first to describe the use of a 
murine monoclonal antibody (m7E3J directed 



against glycoprotein IIb/lIIa. u Subsequent 
studies 3 " 10 utilized the Fab fragment of this 
antibody, in the hope that removing the Fc 
region would reduce the potential for comple- 
ment activation and decrease the accompany- 
ing risk of thrombocytopenia resulting from 
clearance of antibody-coated platelets by the 
reticuloendothelial system. However, both the 
murine antibody and the murine Fab fragment 
were associated with a high incidence of devel- 
opment of human antimurine antibodies. To 
reduce the potential immunogenicity of this 
form of Ilb/Etta-targeted therapy, the DNA 
sequences for the constant domains of the 
murine antibody were replaced with corre- 
sponding human DNA sequences, leaving 
intact variable-region murine sequences. 11 The 
resulting chimeric compound, abciximab, con- 
tains approximately 50% human sequences 
(Figure 8.1). 

The Investigational New Drug application 
for abciximab was filed in February 1990. 
Phase I dose-escalarion trials in normal volun- 
teers were conducted later that year. This was 
followed in February 1991 by Phase II trials in 
high-risk patients undergoing percutaneous 
transluminal coronary angioplasty (PTCA). 
The pivotal Phase LH study, EPIC, was initi- 
ated in November 1991, and the results were 
first presented at the American College of Car- 
diology Scientific Sessions in March 1993, The 
commercial product (ReoPro, Centocor and 
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Human heavy-chain region 
Murine heavy-chain region 
Human light-chain region 
Murine light-chain region 




Figure 8.1 - 

The derivation of the Fab fragment of a chimeric hurnan-murine antibody directed at platelet GPHb/IU 



Eli Lilly & Co.) was launched after FDA 
approval in early 1995. 12 Subsequent large 
clinical trials (described later) included EPI- 
LOG 13 , CAPTURE 14 , RAPPORT 15 , ERASER 1 *, 
and EPISTENT 17 . Commercial acceptance of 
the product was initially guarded, with enthu- 
siastic use at some centers and more gradual 
incorporation of the new agent into clinical 
practice in others. With time, however, the 
clinical uptake and use of abciximab has con- 



tinued to grow. At the beginning of 19* 
ReoPro was used in approximately 45% 
coronary interventions performed in the X3S1 



Pharmacokinetics and 
pharmacodynamics 

The pharmacokinetics of abciximab have ht 
described in some detail. 12 Free drug is cleai 
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(a) Window of 




Figure 8,11 

(a) Initial benefit during the 'window of vulnerability', if the treatment duration adequately covers the 
vulnerable period, the benefits will be sustained, if it does not, there may be Joss of benefit over the 
subsequent time period, (b) Recurrent events, outside the 'window of vulnerability' depend on long- 
term therapeutic mechanisms, such as reducing the likelihood of plaque rupture, and/or reducing the 
likelihood of thrombus formation. 



namic effects, however, it seems ideally suited 
to covering as much as possible of the 'win- 
dow of vulnerability' associated with injury to 
the vessel wall. 

Summary 

In this chapter we have summarized the data 
currently available on the use of abciximab, 
both in the catheterization laboratory and in 



other clinical scenarios. The use of this poten 
platelet inhibitor has evolved substantially 
over the last 3-4 years, and several very excit 
ing applications are looming on the horizon 
The real challenge for the future will come a: 
we begin to interdigitate abciximab into exist 
ing treatment algorithms, and combine it wit! 
low-molecular-weight heparin, new thienopy 
ridines plus aspirin and, possibly, with ora 
forms of the GPITb/nia antagonists. 
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Peptide and non-peptide inhibitors of platelet 
glycoprotein Hb/IIIa 

Robert A Harrington and John Alexander 



Atherosclerosis, vascular 
injury, and coronary 
thrombosis 

Formation and progression of atherosclerotic 
plaque involves a complex interaction of 
lipids, inflammation, thrombosis, and mechan- 
ical shear forces, 1 The pathologic underpin- 
nings of acute coronary syndromes (ACS), 
including unstable angina and acute myocar- 
dial infarction, and the acute complications of 
percutaneous coronary intervention both 
result from the rupture, Assuring, or erosion of 



an atherosclerotic plaque, with subsequent 
intracoronary thrombosis formation (Figure 
9,1)? In the setting of an ACS, plaque injury is 
spontaneous and unpredictable; however, in 
coronary intervention, vascular injury is 
induced by the coronary interventionist in an 
attempt to expand the obstructed coronary 
lumen. Following either spontaneous or 
planned plaque injury, acute thrombosis of a 
coronary vessel leads to subtotal or total vas- 
cular occlusion with interruption of normal 
blood flow, causing myocardial ischemia and, 
if persistent, necrosis. 



Pathophysiology of acute coronary syndromes 



Intraluminal 
thrombus 
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plaque 






Plaque rupture 
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Figure 9.1 

Pathophysiology of acute 
coronary syndromes. 
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The initial hemostatic response to such vas- 
cular injury is platelet deposition over the 
injured endothelium. Activation of platelets by 
any of a number of agonists, including adeno- 
sine diphosphate (ADP), epinephrine (adrek- 
tine), collagen, thrombin, or shear stress, leads 
to ongoing platelet activation and aggregation. 
The resulting core of platelet-rich thrombus 
provides the necessary phospholipid surface 
on which assembly of the prothrombinase 
complex occurs, precipitating the conversion 
of prothrombin to thrombin, which then cataly- 
ses the conversion of fibrinogen to fibrin. 3 In 
addition to its role in the formation of fibrin> 
thrombin, as the central enzyme of the coagu- 
lation cascade, activates factors V, VIII, and 
XIII, activates platelets, and controls its own 
regulation through its effects on thrombomod- 
ulin and protein C 4 

Rationale for antithrombotic 
therapies in the acute 
ischemic coronary syndromes 

Given the central role of thrombosis in the 
pathophysiologic mechanism of unstable 
angina and acute myocardial infarction, the 
use of antithrombotic agents in the treatment 
of patients who present with acute ischemia 
seems reasonable. Oral antiplatelet therapy 
with aspirin provides impressive clinical bene- 
fits to patients presenting with a spectrum of 
vascular diseases, and reduces the risk of 
death, myocardial infarction, and stroke by 
approximately one-third (Figure 9.2) , s,e 
Recently^ the antiplatelet agent clopidogrel, 
which inhibits ADP-induced activation of 
platelets, was shown to be marginally superior 
to aspirin alone in reducing the risk from the 
composite of vascular death, myocardial 
infarction, and stroke in patients with an array 
of atherosclerotic vascular disease. 7 



Despite the wide use of antiplatelet therapy, 
primarily with aspirin, in patients with athero- 
sclerotic disease, there remains significam 
morbidity and mortality associated with acute 
ischemia; thus, there is a clinical need foi 
alternative antiplatelet therapies. Aspirin, 
ticlopidine, and clopidogrel are all relative!} 
weak antiplatelet agents. Additionally, there i; 
a group of patients, perhaps as high as 
15-30% of patients treated with aspirin, whc 
are non-responders or 'resistant* to th< 
antiplatelet effects of aspirin and who appeal 
to be at increased risk for subsequent vascuiai 
events.*- 1 0 

For these reasons, recent research hat 
focused on the development of new, more 
potent antiplatelet therapies as a means oJ 
combating the problem. Platelet aggregatior 
occurs via fibrinogen binding to the cellulai 
receptor, glycoprotein (GP) Ilb/IIIa, on adja- 
cent platelets. This receptor belongs to a fam- 
ily of integrins that are involved in th« 
processes of cellular adhesion. On circulating 
and quiescent platelets, the GPIIb/IIIa receptoi 
is incapable of binding other circulating mol* 
ecules like fibrinogen or von Willebrand factoi 
(i.e. it is ligand-unresponsive). After activa- 
tion, however, the platelet GPIIb/IIIa receptoi 
undergoes a conformational change that per- 
mits the binding of adhesion molecules, pri* 
marily fibrinogen, and facilitates platelei 
aggregation. Interfering with the ability oJ 
platelet GPIIb/IIIa receptors to bind fibrinogen 
thus inhibits the 'final common pathway 1 oi 
platelet aggregation and provides an attractiv* 
target for a cardiovascular therapeutic agent. 

Platelet GPIIb/IIIa 
inhibition 

Coller et al 1 1 reported on the first experience 
with a murine monoclonal antibody thai 
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Figure 9.2 

Proportional affects of antiplatelet therapy (145 trials) on vascular events (myocardial infarction, stroke, 
or vascular death) in four main high-risk ca tegorias of trial and in low-risk categories (primary 
prevention). (Stratified ratio of odds of an event in treatment groups to that in control groups is plotted 
for each group of trials (black square) along with its 93% confidence interval (horizontal tine). 
Overviews of results for certain subtotals (and 95% confidence intervals) are represented by diamonds. 
Odds reductions observed in particular groups of trials are given to right of solid vertical line.) TfA, 
transient ischemic attack; Ml, myocardial infarction. 



almost completely inhibited the ability of 
platelets to aggregate. Refinement of this ini- 
tial work led to the development of the 
chimeric monoclonal antibody fragment, 



abciximab. 12 In a series of trials, studying a 
variety of patient populations and interven- 
tional strategies, abciximab was then shown to 
be effective in reducing the acute ischemic 
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complications in a broad spectrum of patients 
undergoing percutaneous coronary interven- 
tion. 13 " 17 Abcixirnab is discussed extensively in 
Chapter 8. 

In addition to abcixirnab, several other 
intravenous GPIIb/HIa inhibitors have been 
developed. These are commonly referred to as 
'small-molecule inhibitors', to contrast them 
with the monoclonal antibody GPHb/IIIa 
inhibitor, abcixirnab. In extensive clinical trial 
work, including over 33 000 randomized 
patients, the intravenous GPIIb/IIIa inhibitors 
have been demonstrated to reduce acute 
ischemic complications in patients undergoing 
percutaneous coronary intervention and in 
patients presenting with non-ST-segment ele- 
vation ACS. 13 The remainder of this chapter 
will focus on the intravenous small molecule 
inhibitors of the GPIIb/IIIa receptor. Specific 
clinical indications are discussed separately in 
Chapters 12-17. 



Small-molecule GPIIb/IIIa 
inhibitors 

Around the same time that Coller 1 1 was wort 
ing on a monoclonal antibody approach t 
GPIIb/IIIa antagonism, other investigator 
were attempting to interfere with tb 
GPIIb/IIIa receptor through small molecul 
inhibitors. These agents, both peptides an 
nonpeptide mimetics, are small-rnolecul 
inhibitors that were developed using th 
knowledge that fibrinogen binding to th 
receptor occurs via RGD amino aci 
sequences (arginine-glycine-aspartic acid). 1 
Key differences between the small-molecul 
inhibitors and the monoclonal antibod 
GPIIb/IIIa antagonist can be seen in Table 9.] 
Three intravenous small-molecule inhibitoi 
are currently under clinical development, epc 
fibatide, tirofiban, and lamifiban. Eptifibatid 
and tirofiban have been approved for clinic* 
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Table 9.2 

Smafl-molecule GPHb/lUa Inhibitors: approved indications and supporting clinical trials. 



use in the USA, while kmifiban is in Phase HI 
clinical trials. Table 9.2 lists the agents and 
summarizes the approved indications and ran- 
domized trials of more than 1000 patients. 2 *' 25 
Abciximab binds non-specifically to the 
GPIIb/lIla receptor in an irreversible manner 
and consequently, even after the infusion is 
terminated, platelet function is maximally 
(>80% inhibition of platelet aggregation) 
inhibited for many hours and measurably 
altered for days to weeks. In addition, because 
of its non-specificity, abciximab may have 
other effects on platelet function, the impor- 
tance of which is not currendy understood. In 
contrast, the small-molecule inhibitors are 
highly specific competitive antagonists of the 
GPllb/IIla receptor. Thus, after terminating an 
infusion of one of the short-acting small-mole- 



cule inhibitors, platelet function (as measured 
by inhibition of platelet aggregation) rapidly 
returns to normal as the competitive antago- 
nist is cleared from the circulation. It is 
unknown whether such differentiating charac- 
teristics as the non-specificity and prolonged 
duration of the antiplatelet effect translate into 
differing degrees of clinical benefit. In a recent 
systematic overview of all randomized clinical 
trials, including more than 1000 patients and 
performed with the four major intravenous 
GPIIb/IIIa antagonists, regardless of agent, the 
point estimate for clinical benefit consistently 
favors the platelet inhibitor to a similar 
degree.^ In the absence of direct head-to-head 
trials comparing abciximab and the small- 
molecule inhibitors, speculation about differ- 
ential clinical effects is premature. 
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Small-molecule antagonists: 
clinical development 

Percutaneous coronary intervention and the 
ACS were chosen as the rational areas in 
which to develop eptifibatide, tirofiban, and 
lamifiban, given the pivotal role that the 
platelet plays in the pathophysiology of plaque 
rupture {whether induced or spontaneous) and 
subsequent arterial thrombosis* Perceived 
advantages to the small-molecule inhibitors, 
compared with the monoclonal antibody 
inhibitor, included their rapid reversibility, 
their specificity for GPIIb/HIa and not other 
cellular integrins, and their likely lack of 
immunogenicity. Rapid reversibility appeared 
to be an especially attractive safety feature in 
an era of balloon angioplasty, without coro- 
nary scenting, when more than 5% of patients 
would require emergency bypass surgery to 
salvage a failed percutaneous procedure. In 
addition, rapid recovery of platelet function 
was felt to be necessary if these agents were to 
be used as empirical therapy for patients pre- 
senting with ACS. At the time of patient pre- 
sentation, the clinician must make a treatment 
decision without knowing the patient's coro- 
nary anatomy and, consequently, before 
knowing whether the patient would require 
surgical intervention. 

Eptifibatide 

Eptifibatide (Lritegrilin™ > COR Therapeutics, 
South San Francisco) is the prototypical pep- 
tide inhibitor of platelet GPHb/nia. It is a 
cyclic heptapeptide modeled on the structure 
of barbourin, a specific inhibitor of GPHb/HIa 
found in the venom of the Southeastern pygmy 
rattlesnake. Replacing lysine for arginine 
results in a KGD sequence that provides eptifi- 
batide with high affinity and specificity for the 
GPIIb/IIIa receptor.- 6 Eptifibatide is cleared 



predominantly through renal mechanisms and 
has a circulating plasma half-life of approxi- 
mately 150 min. Inhibition of platelet aggrega- 
tion, in response to a variety of agonists, is 
dose-dependent and predictable based on 
plasma concentrations. 27 * 28 Preclinical experi- 
ence with animal models of arterial thrombus 
showed eptifibatide to be a potent agent at 
inhibiting platelet-dependent arterial thrombo- 
sis. 29 Studies in normal human volunteers 
demonstrated that eptifibatide had a rapid 
onset of action and was readily reversible with 
a calculated plasma half-life in normals oJ 
approximately 1 h 29 

Eptifibatide development: 
percutaneous coronary 
intervention 

Although the first Phase H trial with eptifi- 
batide was in patients with unstable angina, 30 
percutaneous coronary intervention was the 
area chosen for the first full development trial 
with this new agent. The acute ischemic com- 
plications of these procedures include death, 
myocardial infarction, and the need for repeat 
urgent procedures. These complications were 
believed to be, at least in part, platelet- 
mediated events, as demonstrated by the bene- 
fits conferred by aspirin in lowering the risk of 
these complications, 5 This chapter will review 
the highlights of the completed trials with all 
three small molecule inhibitors of GPHb/HIa. 
Details of the benefits of GPIIb/HIa inhibition 
in patients undergoing percutaneous coronary 
intervention can be found in Chapter ?- 

Two small, Phase II, dose-finding trials 
were completed with eptifibatide before a 
large Phase III project in coronary interven- 
tion: IMPACT (Integrilin to Manage Platelet 
Aggregation and Prevent Coronary Thrombo- 
sis} 27 and IMPACT Hi-Lo. 2& The IMPACT 
trial enrolled 150 patients undergoing elective 
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to the discretion of the investigator. In an 
open-label fashion, a dose of lamifiban was 
identified that provided greater than 85% 
ADP-induced inhibition of platelet aggrega- 
tion; patients were then randomized to receive 
this dose of lamifiban or placebo, along with 
the fibrinolytic agent. Those receiving t-PA 
also received heparin, while those treated with 
streptokinase did not. 

In the PARADIGM study, the highest dose 
of lamifiban (400 pg bolus -1-2.0 ug-min infu- 
sion for 48 h) resulted in a 91% median 
(interquartile range, 84-95%) inhibition of 
aggregation at steady-state measurement. 
There was also an improvement in myocardial 
reperfusion as measured by continuous 
ST-segment monitoring with less time to 
ST-segment resolution and less time to ST-seg- 
ment steady state. Both these variables were 
shown in previous trials to correlate with an 
improvement in 30-day clinical outcomes. 49 
There was an increased risk of bleeding among 
patients treated with lamifiban compared with 
placebo, although there were too few patients 
to make reliable observations about the risk of 
intracranial hemorrhage associated with the 
combination strategy. 



Unresolved issues 

A systematic overview of the trials with the 
small molecule GPIIb/IIIa antagonists supports 
the hypothesis that this class of agent benefits 
patients presenting with ACS without persis- 
tent ST-segment elevation (Figure 9.3), 13 The 
benefits of the small-molecule inhibitors also 
appear to extend to coronary intervention, 
although only eptifibatide is approved for use 
in this indication. More work is required on 
the potential role of these agents in patients 
with ACS with persistent ST-segment eleva- 
tion. 
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While these agents clearly represent a majc 
therapeutic advance for the treatment < 
patients with acute ischemic heart disease 
many questions remain regarding their us* 
Firstly, there are similarities and differena 
among the three small-molecule inhibitor 
Whether these differences are clinically impo: 
tant is unknown; this question will only t 
answered using head-to-head comparatc 
trials. Without such trials, speculation abot 
meaningful differences is inappropriate, give 
the major differences in clinical trial desig 
even within a common indication. Similarl; 
the question of whether the small-molecu' 
inhibitors and the monoclonal antibody antaj 
onist are clinically different is unknown; dete. 
mining the answer likewise requires heat 
to-head trials. 

Secondly, the optimal dosing strategy fc 
each of these agents remains unknown* Futui 
trials will need to consider using point-of-cai 
platelet aggregation testing 50 to define bettt 
the level of inhibition achieved in individu; 
patients. Studies also need to be performed t 
determine more acurately the level of platel< 
inhibition that is associated with maximui 
benefit. 4 * PARAGON B, an ongoing stud 
with lamifiban in patients with ACS withox 
persistent ST-segment elevation is testin 
whether a dosing strategy that takes into coi 
sideration individual patient characteristic 
such as age, gender, weight, and renal fun< 
tton, can lead to more optimal drug concentn 
tions and to improved patient outcomes. 

Finally, in addition to these GPIIb/IIl 
inhibitors, there exist fibrinolytics and novt 
antithrombinSj including low-molecula: 
weight heparins and direct thrombin inhibitoj 
that are approved for use or being studied fc 
use in patients with acute ischemic heart di; 
ease. The combination of potent antiplatelt 
therapies with novel antithrombins and fibr 
nolytics needs further investigation. The sma 
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Figure 9.3 

Odds ratios (OR) and 95% confidence intervals (Ci) for risk of death, death or myocardial infarction 
(Mil and death f Mi, or revascularization (Revasc) 48 to 96 h, 30 days, and 6 months after randomization 
to a glycoprotein llbfllia inhibitor (versus placebo). ORs are given for combined percutaneous 
intervention trials (W, combined non-ST-segment elevation acute coronary syndromes trials (W, and 
ail collected trials (M). n t sample size; Difference, risk difference. *p < 0.05; tp < 0.07; tp < 0.001. 



dose-finding studies using GPIIb/IIIa antago- 
nists and full-dose fibrinolytic therapy appear 
promising. Several trials are underway with 
lower doses of the fibrinolytic agents that, 
in combination with GPIIb/IIIa inhibitors. 



improve angiographically determined myocar- 
dial perfusion. Much larger trials, enrolling 
tens of thousands of patients, are needed to 
show the safety and efficacy of this approach. 
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Oral platelet glycoprotein Ilb/HIa blockers 

Christopher P Cannon 



Introduction 

Every year more than four million patients are 
admitted to hospitals worldwide with the 
diagnosis of unstable angina or acute myocar- 
dial infarction (MI). 1,2 The initiating event of 
unstable coronary syndromes is atherosclerotic 
plaque rupture followed by local thrombosis. 3 
Antithrombotic therapy, currently aspirin and 
heparin, is the mainstay of therapy, and 
numerous trials have documented a dramatic 
25-50% benefit on death and/or MI with 
aspirin in acute coronary syndromes. 4 

The importance of antiplatelet therapy 
comes from the broad experience with aspirin, 
which has dramatic effects in reducing both 
mortality and non-fatal events in patients 
across the spectrum of acute coronary syn- 
dromes. 4 " 11 In addition, the newer class of 
antiplatelet agents, the thienopyridines (ticlo- 
pidine and clopidogrel), which inhibit platelet 
function are stronger antiplatelet agents than 
aspirin, have been shown to be beneficial in 
reducing clinical events compared with aspirin 
alone in coronary stenting, 12 " 34 and in sympto- 
matic patients with atherosclerosis. 4115 " 17 This 
wealth of data has focused attention on the 
platelet, as a target for more potent therapies, 
notably the inhibitors of the platelet glycopro- 
tein {GP) Ilb/IIIa, which mediates platelet 
aggregation. 



Glycoprotein Ilb/IIIa blockers 

GPIIb/HIa blockers are a new, potent class of 
platelet inhibitors. GPIIb/IIIa receptor antago- 
nists block the binding of fibrinogen to specific 
membrane GPIIb/Ifla integrin receptors, thus 
preventing platelet aggregation induced by 
various platelet agonists. 18,19 Platelet GPIIb/IIIa 
is a member of the integrin receptor superfam- 
ily of complexes that mediate cell-protein and 
cell-cell interactions. 18 GPIIb/IIIa is a calcium- 
dependent heterodimer, composed of two dif- 
ferent subunits (a nb and b 3 ), both of which 
span the platelet membrane- The GPIIIa sub- 
unit contains a four-amino acid sequence, 
which is crucial for binding of fibrinogen and 
other ligands. 18 The first three amino acids are 
arginme-glycine-aspartic acid {RGD} while the 
fourth amino acid may vary. Low-molecular- 
weight peptide and non-peptide GPIIb/IIIa 
inhibitors have been developed to bind to the 
RGD sequence of the receptor, thereby inter- 
fering with the binding of fibrinogen to 
GPIIb/nia. 

Mechanisms of action of ASA, 
ticlopidine, and GPIIb/IIIa 
inhibitors 

The mechanisms of action of the current 
antiplatelet agents and GPIIb/IIIa inhibitors 
are quite . distict* Aspirin permanently acety- 
lates cyclo-oxygenase, thereby blocking the 
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synthesis of thromboxane A 2 (TXA>) by the 
platelet. 20 By decreasing the amount of TXA 2 
released, which would act to stimulate other 
platelets, there is a decrease in overall platelet 
aggregation. This inhibition of cyclo- 
oxygenase is permanent, thus the antiplatelet 
effects last for the lifetime of the platelets, that 
is, between 7 and 10 days. 

The thienopyridine class of agents (ticlopi- 
dine and clopidogrel) are believed to act by 
blocking the ADP receptor. 17,2 u: They may 
also inhibit intracellular processing of activa- 
tion of the ADP pathway but have no effect on 
the n umerous other stimulants to platelet 
aggregation, such as thrombin and collagen. 22 
Their onset of antiplatelet effect is delayed, 
with peak inhibition occuring 2-4 days after 
the start of therapy, although clopidogrel has 
more rapid onset. 

In contrast, GPHb/IlIa inhibitors bind to the 
GPIlb/IIIa receptor and thereby block the final 
common pathway of platelet aggregation. By 
binding to the receptor, they prevent the bind- 
ing of fibrinogen to the platelet and thereby 
prevent formation (or progression) of a 
platelet plug. Thus, no matter what stimuli to 
platelet activation exist, the platelet is inhib- 
ited by the GPflb/IHa inhibitor — making it a 
great deal more able to inhibit platelet aggre- 
gation than aspirin (or ticlopidinc). When test- 
ing platelet aggregation in the laboratory, 
aspirin inhibits ADP-induced platelet aggrega- 
tion by approximately 10%, ticlopidine and 
clopidogrel by approximately 30-40% , 23 and 
the doses of the GPtlb/IIIa inhibitors being 
tested clinically inhibit platelet aggregation by 
approximately 80«90%r 4 Several potential 
mechanisms exist to explain how GPIlb/IIIa 
inhibition may improve clot resolution and 
clinical outcome in patients with acute coro- 
nary syndromes. Firstly, by blocking platelet 
aggregation in the platelet-rich arterial throm- 
bus, propagation of the thrombus is prevented; 



GPIlb/IIIa inhibitors may also disaggregate 
recently-formed platelet plug. Second, by pr< 
venting accumulation of a large number c 
platelets at the lesion, it decreases the amour 
of platelet phospholipid membrane, a cofactc 
for thrombin generation and of the clotting ca! 
cade. Thirdly, a thrombus rich in platelets ma 
resist thrombolysis (either thrombolytic therap 
or endogenous thrombolysis) owing in part t 
the increased presence of plasminogen activate 
inhibitor (PAI-1), a potent natural inhibitor c 
fibrinolysis that exists in high concentrations i 
platelets. 



Potential risks ofGPIIb/IIIa 
inhibition 

Bleeding 

The major concerns with any antithromboti 
agents are bleeding, and for platelet inhibitor! 
thrombocytopenia. As with any antithrorr 
botic agent, the potential for increased bleec 
ing exists* Although the initial EPIC stud 
showed increased bleeding using abcixima 
plus heparin during angioplasty compare 
with heparin alone, 25 a strong interaction wit 
the dose of heparin was observed, such that i 
the EPILOG trial, the rate of major bleedin 
was identical in heparin control patients an 
in those receiving abciximab and low-dos 
heparin. 26 Similarly, the rate of major bleedin 
has generally not been found to increase $i£ 
nificantly in other trials using intravenous 27,: 
or oral GPIlb/IIIa inhibitors. 29 Thus, the use c 
lower doses of heparin and careful monitorin 
of the level of anticoagulation will avoi 
bleeding complications in patients receivin 
GPIIb/IIIa inhibitors. With regard to monitoi 
ing the degree of platelet inhibition, trials t 
date have used fixed dosing; however, invest 
gation is currently underway to decermin 
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when and where monitoring of platelet func- 
tion may be clinically useful. 30 

Thrombocytopenia 

Thrombocytopenia is the other important side- 
effect of GPHb/IOa inhibition. Platelet counts 
falling below 100000 occur in approximately 
1-2% of patients treated with GPIIb/ma 
inhibitors, while platelet counts falling to below 
50 000 occurs in less than 0,5% of 
patients. 2 *' 28 ' 31 In the initial trials, thrombocy- 
topenia generally occurred on either the first 
day after beginning therapy, or after approxi- 
mately 2 weeks' of therapy. The mechanism by 
which it occurs is not defined completely;, but 
appears to involve immune mechanisms. Fortu- 
nately, it is nearly always reversible, with 
platelet counts returning to normal after a few 
days. 

Types of GPUb/IUa inhibitors 

There are three broad categories of GPIIb/HIa 
inhibitors: 

(1) The Fab fragment of a monoclonal anti- 
body to the GPHb/nia receptor, abcix- 
imab (ReoPro 6 *) (see Chapter 8); 

(2) The intravenous peptide and non-peptide 
small-molecule inhibitors, such as eptifi- 
batide (Integrilin a> ) and tirofiban (Aggra- 
staO (see Chapter 4); 

(3) The oral GPIIb/IIla inhibitors, such as 
xemilofiban, orbofiban, sibrafiban, roxi- 
fiban and many others. 

Abciximab 

Abciximab, the monoclonal antibody, binds 
very tightly to the GPIIb/IHa receptor. 32 Thus, 
the antiplatelet effect lasts much longer than 
the infusion period — a potential benefit on 
improving efficacy. Conversely, if bleeding 
occurred, stopping the drug will not reverse 



the antiplatelet effect immediately; transfusion 
of platelets however, will allow the antibodies 
to redistribute among all the platelets, thereby 
reducing the level of platelet inhibition. Abcix- 
imab also binds to other integrins on the 
platelet receptor, such as the vitronectin recep- 
tor 18 but the clinical significance of this cross- 
reactivity is not yet established. 

Peptide and non-peptide 
small-molecule y inhibitors 

The peptide and peptidomimetic inhibitors 
(e.g. tirofiban and eptifibatide) are competitive 
inhibitors of the GPIIb/IIla receptor. 33 ' 34 Thus, 
the level of platelet inhibition is direcdy 
related to the drug level in the blood. Since 
both inhibitors have short half-lives, when the 
drug infusion is stopped, 33,34 the antiplatelet 
activity reverses after a few hours, which is 
potentially beneficial to avoid bleeding compli- 
cations. Conversely, for prolonged antiplatelet 
effect, the drug needs to be given intra- 
venously for a longer period of time. The 
inhibitors developed to date have been tar- 
geted specifically to the GPHb/ffla receptor 
and not to cross-react with other integrins. 

Oral GPIIb/IIla inhibitors 

The third group of GPllb/HIa inhibitors are 
the oral agents. These agents are also competi- 
tive inhibitors, and are usually pro-drugs, 
which are absorbed and then converted to 
active compounds in the blood. 29 ' 35 ' 36 The oral 
agents all have longer half-lives than the intra- 
venous compounds and, as such, they can be 
given once, twice or three times daily (depend- 
ing on the half-life) in order to achieve rela- 
tively steady levels of GPIIb/IHa inhibition. 
With oral dosing, long-term therapy (i.e. over 
1 year) is possible. However, the long half-life 
also means that, if bleeding occurs, the drug 
must be removed from the circulation in order 
to reduce the antiplatelet effect. Currently this 
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can be accomplished acutely using hemodialy- 
sis or charcoal hemoperfusion. The develop- 
ment of specific antidotes wo uld he an 
attractive alternative method for removing the 
drug quickly from the circulation. 

Initial clinical trials with 
intravenous GPIIb/IIIa 
inhibitors 

Numerous trials have shown that intravenous 
GPIIb/IQa inhibitors are beneficial in acute set- 
tings (see Chapters 8 and \ n stuc j. 
ies of intravenous GPIIb/IIIa antagonists in 
coronary angioplasty and unstable angina, 
there have been significant reductions in recur- 
rent ischemic events. For example, in the 
PRISM-PLUS trial, patients with unsta ble 
angina or non-Q-wave MI treated with 
aspirin, heparin, and a 2-4-day infusion of 
tirofiban had a 32% reduction in death, MI, 
or refractory ischemia at 7 days compared 
with placebo (12.9% versus 17.9%, p = 
0*004), and a 30% risk reduction in death or 
MI at 30 days {p = 0,03 )/ u A significant 
improvement in death or MI was also 
observed in the larger PURSUIT trial with a 
3 -day infusion of eptifibatide/* A logical 
extension of the potent form of therapy is to 
develop strategies for more sustained or 
chronic GPlIb/IIIa inhibitor with long-term 
treatment* Thus, the hypothesis for current tri- 
als is that oral GPIib/lfla inhibitors will pro- 
vide a novel form of therapy to prevent early 
and late recurrent thrombotic complications in 
patients with acute coronary syndromes or 
those undergoing percutaneous coronary inter- 
vention (PCI). 



Rationale for long-term 
GPIIb/IIIa inhibition 

The rationale for long-term platelet inhibitio 
comes from both biological and clinical obse; 
vations. From the biological standpoint, £ 
already discussed, platelet function tests sho- 
that platelets remain activated long after 
patient is stabilized clinically. Active thrombi 
has been observed by coronary angioscop 
even 1 month following acute coronary syi 
dromes/ 1 indicating the long period of tin 
that is needed for complete antithrombot 
treatment of a culprit lesion. Similarly, in tl 
TTMI 12 trial of an oral GPHb/HIa inhibitor i 
patients stabilized after an acute coronary syi 
drome, we observed high levels of activate 
platelets in patients at the start of the stuc 
but also 1 month later (Table 10.1) despi' 
oral GPIIb/HIa treatment. 43 Thus, there is a 
active, prothrombotic 'milieu' in patients fc 
lowing acute coronary syndromes, whic 
could potentially benefit from more aggressh 
antithrombotic therapy than just aspirin. 

From the clinical standpoint, one observ 
tion supporting a potential role for long-ter 
GPIIb/IIIa inhibition is that greater benel 
appears to be achieved with longer duration i 
GPIIb/IIIa inhibition. When contrasting tl 
statistically significant results obtained wit 
abciximab use during angioplasty 25 ^*- 40 wii 
the loss of early benefit in angioplasty tria 
seen after the shorter infusions (24-36 h) < 
tirofiban and eptinbatide, 27,253 abciximab had 
very long duration of action on the platek 
with antiplatelet activity detected up to 1- 
weeks after administration^ This sugges 
that the prolonged antiplatelet effect of abci. 
imab may be responsible for some of its su 
tained beneficial effect 

Further support for this hypothesis com 
from the RESTORE and PRISM-PLUS thai 
In the RESTORE trial, tirofiban was admini 
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Table W r 1 

PSelectin results from the TIM1 12 study* 



tered for 36 h, and a 26% reduction in MI 
and no difference in death at 30 days was 
observed. In the PRISM-PLUS trial, in which 
patients received 48-72 h therapy with 
tirofiban, those undergoing PTGA had a 45% 
reduction in death or MI at 30 days, 27 * 51 These 
comparisons are not randomized but are 
consistent with the hypothesis that a longer 
duration of GPIIb/IIIa inhibition is more bene- 
ficial than a shorter duration of platelet inhibi- 
tion. 

The second clinical observation is that the 
benefit of intravenous GPIIb/IEIa inhibitors is 
achieved only during the infusion. Owing to 
the potent platelet inhibitions the benefits are 
maintained but no added benefit is observed 
after the infusions are stopped. For example, 
in the PURSUIT trial in unstable angina and 
non-Q-wave MI, eptifibatide reduced death or 
MI by an absolute 1.7% at 72 h; the reduction 
was similar (1.5%) at 30 days. 38 Similarly, in 
PRISM-PLUS, tirofiban plus heparin reduced 
death or MI by 3.4% at 7 days, and by 3.2% 
at 30 days. 31 It is hypothesized that chronic 
dosing with oral GPIIb/IIIa antagonists will 
demonstrate ongoing benefit throughout the 
period of treatment and thereby amplify the 



benefits seen to date with the intravenous 
GPnb/nia inhibitors. 



Potential role for long-term 
oral GPIIb/IIIa inhibition 

Oral GPIIb/IIIa receptor antagonists offer the 
potential for long-term treatment with many 
possible clinical applications (Table 10.2). 
Potential applications include: 

(1) The early phase of acute coronary syn- 
dromes; 

(2) Secondary prevention of events after sta- 
bilization from an acute coronary syn- 
drome; and 

(3) Both acute treatment and secondary pre- 
vention. 

By extension, oral GPIIb/IIIa inhibitors could 
also potentially inhibit the development of 
athero(thrombo)sclerosis, which is sometimes 
augmented by microthrombotic events within 
the plaque. In addition, these agents may be 
useful for percutaneous coronary intervention, 
and also in stroke, for both early treatment 
and secondary prevention. 
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Treatment 



Agent 



• Acute treatment 

* Percutaneous coronary intervention 

• Unstable angina/non-ST elevation Ml 

■ ? ST-elevation Ml with thrombolysis 

■ ? Stroke—? 

■ ? Peripheral vascular disease 

■ ? Cerebrovascular intervention 

• Secondary prevention 

■ ? Percutaneous coronary intervention 

■ ? Post-acute coronary syndromes 

■ ? Stroke 

■ ? Periphera.l vascular disease 

• Both early treatment and seqpnetery prevention 

• Inhibition of athero(thrornbcj)sclerbsis 



Intravenous GPIIb/llla inhibitors 

' Oral GPIIb/llla Inhibitors 
— ? Intravenous + oral inhibitors 



> ?Oral GPIIb/llla inhibitors 



* Current Indications for GPflb/lifc inhiWticio srS listed in bold type ■ 



Table 10,2 

Current and future indications for GPllb/HIa inhibition, * 



Initial clinical experience 

Pharmacokinetics and 
p ha rma codynam ics 

Several orally active platelet GPHb/IIIa 
inhibitors have been studied in clinical trials 
(Table 10.3), These agents are usually in a 
pro-drug form and require hepatic conversion 
to an active moiety. Absolute bioavailability is 
generally low as shown in Table 10.3. Cur- 
rently available data suggest these agents pro- 
duce inhibition of ex vivo platelet aggregation 
in response to various agonists (e.g. ADP, col- 
lagen, thrombin receptor activating peptide 
(TRAP)) that correlates closely with plasma 



level of active metabolite. In addition, t 
dose/concentration-response is maintain 
without evidence for tolerance or tachypt 
laxis over time. Differences in drug half-1 
may result in drug accumulation and mc 
pronounced platelet inhibition during chroi 
therapy depending on the dose-inten 
employed* The pharmacokinetic and pharrr 
codynamic response to most oral GPIIb/I 
inhibitors can be illustrated by comparing a; 
contrasting the responses of short-acti 
(xemilofiban, half-life 4.1 h) and longer-acti 
(sibrafiban and orbofiban; half-lives appro: 
mately 10-11 h) agents on roxifiban (18- 
hours). 
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Table 10,3 

Clinical trials of oral GPIIb/llla inhibitors. 



Xemilofiban 

The first clinical trials of oral GPKMIIa inhi- 
bition were with xemilofiban. 23,3 w As shown 
in Figure 10.1, platelet inhibition was achieved 
in a dose-dependent fashion with this oral 
GPIIb/nia inhibitor/ It had a relatively short 
half-life and thus is given three times daily. 
The drug was well tolerated by patients in this 
study. 

The Oral Glycoprotein Eb/IIIa Receptor 
Blockade to Inhibit Thrombosis (ORBIT) trial 
was a randomized dose-ranging trial of 
xemilofiban in patients undergoing percuta- 



neous intervention. 45 Peak inhibition of 
platelet aggregation was similar following the 
same dose of xemilofiban administered on 
Days 14 and 28 of the trial. The time to peak 
blood level following the same dose of 
xemilofiban was reduced from 4 h following 
the first dose of drug to 2 h with steady-state 
dosing during chronic therapy , A6 

The incidence and severity of bleeding 
events with 2 and 4 weeks of therapy by phar- 
macologic treatment regimen in the ORBIT 
trial is shown in Table 10,4. Most bleeding 
events were observed during the first 2 weeks 
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dromes was the OPUS-TIMI 16 trial, the prelim- 
inary results of which were presented at the 
American College of Cardiology in March 1999. 
This trial involved 10 302 patients randomized 
at 888 hospitals in 28 countries worldwide. The 
inclusion criteria were: onset within the last 72 
hours of an acute coronary syndrome defined as 
rest ischemic pain lasting at least 5 min associ- 
ated with either ECG changes, positive cardiac 
enzymes, or a prior history of vascular disease. 
Major exclusion criteria included renal insuffi- 
ciency (creatinine >l,6mg/dl or an estimated cre- 
atinine clearance of <40 cc/min, increased 
bleeding risk, or need for warfarin. 

Eligible patients were treated with 150- 
162 mg of ASA, and were randomized, in dou- 
ble-blind fashion, to one of two dosing strate- 
gies of orbofiban given twice daily, or placebo. 
In one dose orbofiban was given 50 mg twice 
daily throughout the trial [50/50 group), in the 
other, the 50 mg twice daily dose was given for 
the first 30 days (the highest risk period), and 
then the dose was reduced to 30 mg twice 
daily (50/30 group). Other medical and inter- 
ventional therapy was at the discretion of the 
treating physician. Patients are seen at 14 and 
30 days and every 3 months. The primary end- 
point was a composite of death, MI, recurrent 
ischemia leading to ^hospitalization or urgent 
revascularization, or stroke. The planned sam- 
ple size was to be 12 000 patients, but the trial 
was stopped prematurely after an unexpected 
finding of increased mortality at 30 days was 
observed in one of the orbofiban groups. 

The preliminary findings on interim data 
showed: composite endpoint rates at 30 days 
were 10.7% in the placebo group vs. 9.5% in 
the two orbofiban groups (p - 0.05). Mortal- 
ity at 30 days was 1.4% in the placebo group 
vs. 2.3% in the 50/30 group and 1.6% in the 
50/50 group. Through follow-up, 300-day 
event rates were: 20,5, 20.2 and 19,5% 
respectively [p = NS). The safety profile was 



acceptable, with the rate of major hemorrhag 
and thrombocytopenia within the expecte 
range for this class of drugs. Subsequer 
exploratory analyses found greater benefit i 
patients who underwent percutaneous core 
nary intervention while on study drug an 
those who were stable on admission (Killi 
class I). 

Data from the EXCITE trial of the ager 
xemilofiban in patients undergoing percuts 
neous coronary intervention were also pre 
sented, with similar results. No significar 
benefit was observed at 6 months. 

Many lessons were learned from OFUJ 
TIMI 16, the first large trial of oral lib/Hi 
inhibition in acute coronary syndromes, whic 
will be helpful in planning future trials c 
other nb/ma inhibitors. First, it appears that : 
will be beneficial to optimize the dosing strai 
egy used with the oral agents, potentially t 
mimic the stable antiplatelet effect achieved b 
the intravenous drugs. This would mean tryin 
to reduce the inter- and intra-patient variabi 
ity, potentially adjusting the dose by weigt 
and/or renal function, as has been done in th 
SYMPHONY trials. One might also us 
plasma drug level and/or bedside platelet func 
tion test to adjust the dose. Second, out dat 
suggest that one could target stabilize 
patients. In addition, several new and pianne 
trials will be testing different drugs (e.g. wit 
tight Ilb/IIIa receptor binding), hence the fiel 
is moving forward. 

Conclusions 

Oral GPIIb/IIIa inhibitors may represent 
major advance in the treatment of acute core 
nary syndromes, percutaneous coronary intei 
ventions, and stroke. They may also play 
role not only in early treatment but also sec 
ondary prevention. In early treatment, the 
may either be a substitute for, or a follow-u 
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to, intravenous compounds. To date, data are 
available only on the pharmacokinetic and 
pharmacodynamic effects of these agents- 
Numerous questions remain, such as what 
level of platelet inhibition is optimal, how effi- 
cacy and safety can best be balanced, whether 



other adjunctive agents are needed, and 
whether monitoring of platelet function will 
assist in the use of these agents. Ongoing 
large-scale clinical trials will assess many of 
these issues and the clinical effects of this 
promising class of agents. 
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Miscellaneous antiplatelet agents: A physiologically 
based overview of platelet antagonist therapy 

Richard C Becker 



Introduction 

The development pf pharmacologic agents 
that offer platelet antagonist capabilities is a 
direct extension of our understanding of nor- 
mal physiology and the laws that govern cellu- 
lar events in the circulatory system- Under 
normal conditions, platelets circulate freely 
within the vasculature in a non-stimulated 
state and, as a result, little meaningful inter- 
action takes place with other platelets, leuko- 
cytes or the vessel wall. It has become 
increasingly evident, however, that many of 
the recognized risk factors for atherosclerosis, 
and certainly atherosclerosis itself, have a pro- 
found impact on platelets, in essence, 'prim- 
ing* them for future cell-cell and cell-vessel 
wall encounters- In the presence of advanced 
endothelial cell dysfunction, disruption or 
atheromatous plaque rupture, a complex chain 
of events is rapidly initiated, leading to 
platelet-rich thrombus formation. The respon- 
sible biochemical and cellular processes can be 
divided conceptually into five general cate- 
gories: 

( 1 ) Platelet adhesion; 
{2) Activation; 

(3) Secretion; 

(4) Aggregation; and 

(5) Support of coagulation. 



Platelet adhesion 

Platelets quickly and efficiently recognize 
abnormalities within the vascular system and 
adhere by means of adhesive proteins that 
interact with specific platelet membrane glyco- 
proteins (receptors). To date, nine of the pre- 
dominant and physiological important platelet 
membrane glycoproteins have been character- 
ized* 1-4 The most common nomenclature for 
identification is based on polyacrylamide gel 
separation (Table 11.1, Figure 11.1). Most 
platelet membrane receptors consist of non- 
covalent complexes of individual glycoproteins 
or heterodimers (integrins) derived from ot and 
p subunits. Platelets express at least two p 
subunits (pj and p z ) and five a subunits, which 
in varying combinations, identify distinct sur- 
face receptors. 5 

The initial events in adhesion are contact 
and binding, accomplished predominately by 
an interaction between the platelet glycopro- 
tein lb-DC complex and vonWillebrand factor. 6 
Other ligand-receptor interactions typically 
play a supportive role* 

Platelet activation 

Platelet activation can be triggered by a wide 
variety of biochemical and mechanical stimuli 
(in addition to platelet adhesion). Many of the 
biochemical agonists are produced or released by 
platelets themselves after vessel wall adhesion, 
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Receptor 



Ligand 



Integrin 
components 



Biologic 
function 



GPla/fla 
GPib/IX 
GPlc/lla 
GPIIb/llla 



GPiV 
, IGPIlb) 
Vitronectin 

• VLA 6/ i 1 ' - 



Collagen 

von Willebrand factor 

Fibronectin 

Collagen 

Fibrinogen 

Fibronectin 

Vitronectin 

von Willebrand factor 
Thrombospondin 
Collagen 
Vitronectin 
Laminin 



Adhesion 
Adhesion 
Adhesion 
Aggregation 
{secondary role in 
adhesion under 
high shear stress) 

Adhesion 



-J^^dhesion ;•■ : V , •: ; ,(; ; 

1 * Gp" glycoproteins: " ;/""-\ r \V— ' ^ - { > * : . ^ ] ' - \ ' " ^ 



7ab/e f 7.T 

Platelet surface membrane glycoproteins.* 



Vitronectin 

Collagen 

vWF 

Fibrinogen 




Figure 11 A 

Diagram showing platelet surface membrane interactions. Properties inherent to platelets, including 
adhesion, activation, and aggregation are governed by membrane glycoproteins (receptors) that 
recognize one or more proteins (ligands). GP, glycoprotein; VPW, vonWillebrand factor. 
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initiating a positive feedback loop that amplifies 
the response to a given stimulus. The list of bio- 
chemical agonists is extensive, numbering 100 or 
more* The most physiologically relevant agonists 
are outlined in Table 11.2. 

Platelet agonists bind surface glycoprotein 
receptors and stimulate signal transmission 
across the membrane via a messenger protein 
that, in turn, triggers one of two intracellular 
pathways. The phosphoinositide pathway is 
initiated by activation of phospholipase 
C. Phosphatidylinositol 4-J-biphosphate (PIP 2 ) 
is cleaved to form two secondary messengers, 
inositol 1,4,5 triphosphate (IP 3 ) and diacyl- 
glycerol. 7 IP 3 stimulates calcium mobilization 
from the dense tubular system, Increased cellu- 
lar Ca 2+ concentrations are required for acti- 
vation of other intracellular enzymes 
responsible for physiologic platelet responses. 8 
Diacylglycerol activates protein C, causing 
protein phosphorylation, granule secretion 
and fibrinogen receptor expression. 

The second pathway (phosphatidylcholine) 



that can be initiared following platelet activa- 
tion involves phospholipase A 2 , which liber- 
ates arachidonate from cell membranes . 
Arachidonate is subsequently converted to 
thromboxane A 2 (TXA 2 ) by the platelets 
cyclo-oxygenase enzyme system. TXA, is a 
potent platelet agonist in its own right, thus 
providing yet another positive-feedback mech- 
anism that promotes the thrombotic mecha- 
nism (Figure 11.2). The platelet response to 
activation is summarized as follows: 

(1) Conformational change of GPIIb/IHa (Iig- 
and receptive) j 

(2) Pseudopod formation and platelet shape 
change; 

(3) Surface expression of a-granule proteins 
(e.g* thrombospondin, fibrinogen); 

(4) Surface expression of granule membrane 
protein (P-selectin, GMP-140, CD62); 

(5) Development of coagulant activity 
through inside-out movement of 
membrane phospholipids; 
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Figure 11.2 

Platelet activation. This important process is triggered by a variety of biochemical and mechanical 
stimuli that provoke a series of internal events following their initial binding to specific surface 
receptors. The phosphoinositide and phosphotidylchotine pathways ultimately cause the release of 
calcium and physiologic agonists that stimulate further activation and potentiate aggregation througl 
surface receptor expression. ADP, adenosine diphosphate; PAF, platelet activating factor; PIP* 
phosphatidylinositol 4-5-biphosphate; IP& inositol 1,4,5 triphosphate. 



(6) Expression of coagulation proteins (e.g. 
factor V}; 

(7) Secretion of a and dense-granule con- 
tents; 

(8) Increased cystosolic Ca 2 \; 



(9) Activation of phospholipase C; 

(10) Mobilization of Ca 2+ ; 

(11) Activation of phospholipase A 2 ; and 

( 12) Activation of protein kinase C. 
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Platelet agonists can be classified as strong 
or weak* Strong agonists, for example, throm- 
bin affect both phosphoinositide hydrolysis 
and arachidonate metabolism (via phospholi- 
pase C and phospholipase A 2 ). Accordingly, 
their ability to promote platelet activation and 
aggregation persists despite inhibition of one 
of the two pathways. Indeed, it has been 
shown that even low concentrations of throm- 
bin (^0.1 U/ml) can produce platelet aggrega- 
tion in the face of inhibition of platelet TXA 2 
production. 9 Weak agonists (collagen and 
adenosine diphosphate, for example) lack the 
ability to trigger phosphoinositide hydrolysis 
and are more dependent on TXA 2 formation 
for their effects. Studies dating back several 
decades revealed that inhibition of TXA 2 for- 
mation could reduce collagen-induced platelet 
aggregation. 10 

Platelet secretion 

Platelet activation prompts the secretion of 
contents from within three different types of 
platelet storage granules: Iysosomes 3 ot-gran- 
ules, and dense bodies. The exact mechanism 
of granule secretion is largely undetermined 
but it is felt to involve an energy-dependent 
contractile process, resulting in extrusion of 
granule contents. Fusion of a-granules with 
each other and with deep invaginations of the 
plasma membrane (the open canalicular sys- 
tem) followed by an 'emptying' of contents to 
the exterior has since been demonstrated. 11,12 
It is unclear if other platelet granules use a 
similar mechanism to release their contents. 

Platelet aggregation 

Platelet aggregation is considered the physio- 
logic goal of platelet activation because it is 
through platelet aggregation that primary 
hemostasis can occur. As already reviewed, a 
variety of agonists can stimulate platelets via 
interaction with specific membrane receptors, 



followed by production of secondary messen- 
gers, which in turn promote a series of intra- 
cellular events. One of the most important 
platelet responses triggered is a confirmational 
change in the glycoprotein (GJ?)IIb/IHa mem- 
brane receptor that facilitates an interaction 
between fibrinogen and its receptor and thus 
forming multiple cross-links between adjacent 
platelets. This reaction represents the 'final 
common pathway* for platelet activation and 
is a vital process in the formation of platelet- 
rich thrombi. Accordingly, investigators have 
focused their attention on this fundamental 
event in attempting to develop new platelet 
antagonists for clinical use. 

Platelet support of coagulation 

The phospholipid membrane of activated 
platelets and of platelet aggregates forms an 
ideal template for coagulation processes that 
facilitate thrombus growth (a second-wave 
phenomenon). The prothrombinase complex, 
responsible for the conversion of prothrombin 
to thrombin, consists of factor V a (provided by 
activated platelets), factor X a , phospholipid 
and calcium. Thrombin, in turn, converts fi- 
brinogen to fibrin that is responsible for stabil- 
ization of the platelet-rich thrombus (Figure 
113). It is very important to recognize that, 
although platelets are the predominant source 
of phospholipid in both physiologic hemostasis 
and pathologic thrombosis, prothrombinase 
assembly can occur on dysfunctional vascular 
endothelial cells and factor Xa can be generated 
through tissue factor that is present in high 
concentrations within atheromatous plaques 
and on the surface of activated monocytes. 1344 

Platelet and vessel wall physiology 
and pharmacologic interventions 

An understanding of platelet behavior pro- 
vides the cornerstone of pharmacologic 
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Figim 11.3 

Platelet aggregates at a site of vessel wait injury. 
These serve as a template for assembly and 
activation of the prothrombinase complex (factor 
X ar factor Vg, phospholipid (PL) and calcium), 
which rapidly converts prothrombin to thrombin. 
Thrombin, a pivotal enzyme, converts fibrinogen 
to fibrin and also stimulates autocatalytic 
activation of factors V r VIII (tenase complex) and 
X. The prothrombinase complex also can be 
assembled on dysfunctional vascular endothelial 
ceils and atheromatous plaques where tissue 
factor serves as a potent stimulus. 



approaches to the treatment of patients with 
disorders characterized by enhanced platelet 
adhesion, activation, aggregation and/or sup- 
port of coagulation (prothrombinase assembly 
and activity). 

A summary of agents affecting platelet and 
vessel wall physiology are summarized in the 
following list. 

( 1 ) Agents that inhibit platelet adhesion 

• von Willebrand factor monoclonal anti- 
bodies 

• Aurintricarboxylic acid 

• GPHb/nia receptor antagonists (high 
shear stress) 



(2 ) Agents that inhibit platelet activation 

• Prostacyclin 

• Prostaglandin Ej 

• Prostanoid analogs (iloprost, berapros 
cicaprost, ciprostene) 

• Thromboxane/endoperoxide receptor 
antagonists 

• Platelet activating factor antagonists 

( 3 ) Agents that inhibit platelet aggregation 

• ?2T purinoceptor antagonists 

• Nitric oxide/nitric oxide donors 

• Apyrase 

. j • GPHb/HIa receptor antagonists 

• Aspirin 

• Non-steroidal antiinflammatory agen 
(NSAIDs) 

• Dipyridamole 

• Ticlopidine 

• Clopidogrel 

• Dextran 

• Omega-3 fatty acids 

• Cilostazol 

• Ketanserin 

• Ridogrel 

• Angiotensin converting-enzyme inhibitc 

• Vitamin E 

(4) Agents that inhibit platelet secretion 

• Calcium-channel antagonists 

(5) Agents that inhibit prothrombinase 
assembly on platelet surface 

• Low-molecular-weight heparins 

• GPIIb/nia antagonists 

Platelet antagonists 

Agents that inhibit platelet 
adhesion 

The adhesion of platelets to a site of ves 
wall injury is mediated by vonWillebrand 6 
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tor that binds to the platelet GPIb/IX complex 
receptor (and the GPIIb/IIIa receptor under 
high shear stress conditions) . Monoclonal 
antibodies to vonWillebrand factor have been 
developed and tested in animal models, 15 
as has aurintricarboxylic acid, 16 which is a 
triphenylmethyl compound that inhibits von- 
Willebrand factor binding. To date, investiga- 
tion in humans has not taken place, perhaps 
because of concerns regarding the potential 
risk for hemorrhagic complications. 

Although the GPIIb/IIIa receptor antagonists 
are best known for their ability to inhibit platelet 
aggregation (discussed in detail in Chapters 8, 9 
and 10), under high shear stress conditions von- 
Willebrand factor can also bind the GPIIb/IIIa 
receptor, facilitating adhesion. As a result, 
GPEb/nia antagonists may have an impact on 
both platelet adhesion and aggregation. 

Agents that inhibit platelet 
activation 

As previously discussed, platelet activation is 
followed by a series of intracellular events that 
culminate in the release of calcium and sub- 
stances that augment platelet aggregation and 
support of the coagulation cascade. Thus, 
pharmacologic agents that inhibit initial sur-. 
face receptor-mediated activation also impair 
platelet aggregation. 

Prostaglandin E and prostacyclin 
Several natural prostanoids (PGEi and PGI 2 ) 
can inhibit platelet activation and aggregation 
by elevating cyclic AMP (cAMP) levels. 
Although the mechanism is complex, the pri- 
mary mode of inhibition is through the activa- 
tion of adenylate cyclase (with a subsequent 
rise in cAMP concentrations), that in turn, 
prevents calcium mobilization. The clinical 
application of PGE> and PGI 2 has been limited 
by their effect on vascular rone, producing 



substantia! systemic hypotension, 17 " 19 and by 
extensive first-pass metabolism in the lungs 
(70% of the active compound is rapidly 
cleared). 20 * 21 

The prostanoid analogs (e.g. iloprost, 
beraprost, cicaprost, ciprostene) are more sta- 
ble compounds than PGEj and PGI 2 ; however, 
their development has focused primarily on 
potential use in patients with primary pul- 
monary hypertension 22 

Thromboxane/endoperoxide receptor 
antagonists 

This class of compounds is designed to prevent 
platelet activation in response to thromboxane 
A 2 and other endoperoxides. There is a limited 
experience with the thromboxane receptor 
antagonists sulotraban and SQ30741, in 
patients with myocardial infarction treated 
with streptokinase 23 and tPA, 24 respectively. 
Ridogrel, a thromboxane synthetase antago- 
nist, that also has antagonistic effects on the 
thromboxane receptor, was shown to reduce 
recurrent ischemia comp ared with aspirin 
when used adjunctively with thrombolytic 
therapy; 25 however, further investigation on a 
large scale has not yet taken place. 

Agents that inhibit platelet 
aggregation 

Serotonin receptor antagonists 
Ketanserin, a serotonin receptor antagonist, 
has been studied in animal models of coronary 
thrombosis and thrombolysis where it has 
been shown, when administered concomi- 
tantly with a thromboxane A 2 receptor antag- 
onist, to improve reperfusion and decrease 
reocclusion following tPA administration. 26 

Aspirin and platelet antagonists (see also 
Chapter 6) 

Aspirin acetylates platelet cyclo-oxygenase 
and impairs prostaglandin metabolism and 
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thromboxane A 2 synthesis, is discussed in 
detail within Chapter 6. The potent class of 
platelet antagonists that prevent the binding of 
fibrinogen to its GPIIb/IIIa receptor (GPHb/IIa 
receptor antagonists) on the platelet surface is 
discussed in Chapter 9* 

Thromboxane synthetase inhibitors 
Thromboxane synthetase antagonists, includ- 
ing dazoxiben and pirmagrel, suppress platelet 
thromboxane synthesis and platelet aggrega- 
tion, 4 ^ 42 Clinical development has been ham- 
pered by the aggregating potential of 
endoperoxide intermediates and by the incom- 
plete inhibition of thromboxane synthesis by 
currently available compounds. 

Dextran 

Dextran is a polysaccharide preparation that 
ranges in molecular weight from 65-80 kD. It 
prolongs the bleeding time, probably by inter- 
fering with surface membrane receptor func- 
tion and fibrinogen binding/ 3 Dextran also 
reduces plasma viscosity. 

Omega-3 fatty acids 

Omega-3 fatty acids decrease platelet mem- 
brane arachidonic acid concentration, redu- 
cing thromboxane A 2 synthesis. The 
competition of N-3 polyunsaturated fatty 
acids for cyclo-oxygenase also reduces platelet 
aggregating capacity by facilitating the synthe- 
sis of biologically inactive prostanoids. 44 * 45 

Nitric oxide 

Nitric oxide {NO) is a naturally occurring 
molecule derived from the amino acid L-argi- 
nine. It is a product of normal vascular 
endothelial cells and plays a critical role in 
maintaining both vasoreactivity and throm- 
boresistance. 

NO prevents platelet adhesion and also 
inhibits agonist-dependent G-protein-mediated 



phospholipase C activation with subseqm 
calcium release. Accordingly, NO prevei 
P-selectin expression and calcium-depend* 
conformation change in platelet surfg 
GPIIb/IIIa. It has also been shown to poten 
ate platelet disaggregation by preventing t 
stabilization of fibrinogen-GPIIb/IUa inter; 
tions. 4 * Beyond having potent plate 
inhibitory effects, NO also inhibits neutrop 
aggregation in vitro and prevents leukoc] 
adhesion to vascular endothelium. 

Although the endothelial cell is a maj 
source of NO, it is not the sole sour« 
Platelets themselves, and their precurs 
megakaryocytes, possess NO synthj 
activity. 47 Vascular endothelial cells prodi 
NO at a basal rate that can be augmented 
response to physiologic stimuli includi 
platelet release products, thrombin, shf 
stress and changes in oxygen tension. 

Organic nitrates and other nitrosovasodi 
tors serve as an exogenous source of NO. Be 
nitroglycerin and nitroprusside have plate 
inhibitory effects and promote platelet diss 
gregation in vitro. 46 The mechanism by whi 
organic nitrates release NO remains conti 
versial but it seems most likely that the fonr 
are converted to bioactive NO by a surfs 
enzyme system. 49 In a double-blind rando: 
ized, placebo controlled trial, hyperchoL 
terolemic patients were assigned to L-argini 
hydrochloride (8.4 g/day orally or placebo) i 
2 weeks. Platelet aggregation in response 
collagen (5 jig/ml), was increased at baseline 
patients with a marked reduction followi 
treatment. The effect lasted for 2 weeks af 
completion of the treatment phase. 50 L-Ar 
nine has been shown to reduce human mor 
cyte adhesion to endothelial cells and may al 
decrease the expression of several cellu 
adhesion molecules* 51 

In addition to their direct effects, orgai 
nitrates undergo denitrification with formu 
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lion of S-nitrosothiol (RSNO) intermediates. 
These species inhibit platelet aggregation 
through cyclic GMP (cGMP). 52 A poly- 
nitrosated RSNO, S-nitroso-BSA> administered 
locally following femoral artery injury in a 
rabbit; model, prevented neoinrimal prolifera- 
tion and platelet adhesion. 53 N-acetyl-L-cys- 
teine enhanced the platelet inhibitory effects of 
nitroglycerin 54 and S-nitroso-N-acetyl-L-cys- 
teine decreased platelet function by reducing 
the expression of ligand receptive GPIIb/IIIa. 55 
In patients with acute coronary syndromes 
S-nitrosoglutathione reduced platelet activa- 
tion and GPIIb/IIIa expression. 5 * 

RSNO s have been used in animal models to 
prevent leukocyte-mediated tissue damage and 
reperfusion injury. In a rat splanchnic artery 
model of ischemia, the NO donor, S-nitroso- 
N-acetyl-D,L penicillamine caused reduced 
leukocyte-endothelial cell interactions. 57 
S-Nitrosated tissue plasminogen activator 
reduced myocardial necrosis and preserved 
endothelial function in a feline model of 
ischemia and reperfusion. 58 

NONOates 

Complexes of nitric oxide with nucleophiles, 
known as NONOates, are capable of sponta- 
neously generating NO and, as a result, may 
offer therapeutic benefit in the treatment of 
NO deficiency states. The biologic potency, as 
well as duration of action, can be modified by 
altering the carrier nucleophile. For example, 
DEA [diethylarnine}/NO possesses a shorter 
half-life than SPER {spermine)/NO (2.1 min 
versus 39 min, respectively) resulting in an 
earlier peak activity (5 min versus 15 min) and 
a shorter duration of action. In contrast to the 
acid stability of RSNOs, NONOates are alkali 
stable and decompose rapidly at low pH* 55 * 

DEA/NO and SPER/NO have been shown to 
have potent antiplatelet properties. Platelet 
aggregation measured in whole blood or 



platelet-rich plasma (PRP) following the addition 
of collagen was reduced by DEA/NO in a dose- 
dependent manner. The effect was similar to 
aspirin in whole blood. In vivo both agents 
demonstrated antiplatelet activity that correlated 
with the rate of release of NO in solution. 60 

A rapid NO donor, PROU/NO, formed by 
the reaction of nitric acid with L-proline in 
methanolic sodium methoxide, dissociates to 
proline (1 mole) and NO (2 moles) with a 
half-life of 1.8 s at a PH 7 A (37°C) and pos- 
sesses both antiplatelet and vasodilatory prop- 
erties. When infused into an unheparinized 
polyester vascular graft (baboon model) 
platelet deposition was reduced significantly** 1 

Recently, the NONOate group has been 
incorporated into polymeric matrices that can 
be applied onto therapeutic surfaces such as 
vascular grafts. Platelet function in vivo has 
been evaluated in a baboon artery-to-vein 
shunt coated with a polymer containing the 
NONOate functional group. When compared 
with uncoated grafts, the NO treated grafts 
were found to be less thrombogenic. 62 

Molsidomine and SIN-1 
A novel class of nitrosovasodilators, the syd- 
nonimines, that include molsidomine and its 
active metabolite SIN-1, has been evaluated 
clinically as effective NO donors. SESf-1 reacts 
with molecular oxygen resulting in the sponta- 
neous release of NO through a process that 
involves a 1-electron abstraction/ 3 

It has been suggested that administration of 
molsidomine and SIN-1 may decrease mortal- 
ity associated with acute myocardial infarction 
by up to 35%, To confirm this observation, 
the ESPKEM (European Study of Prevention of 
Infarct with Molsidomine) trial randomized 
4017 patients with acute myocardial infarc- 
tion to receive either SIN-1 (1 mg/h intra- 
venously for 48 h) followed by molsidomine 
{16 mg orally for 12 days) or placebo. 
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Although there was no difference in all-cause 
mortality between groups at either 35 days or 
13 months; the study was considered inconclu- 
sive, based on the inclusion of predominantly 
low-risk patients/ 4 

An oral extended release preparation of 
molsidomine was evaluated in a small ran- 
domized trial of 50 patients with known 
ischemic heart disease and chronic stable 
angina to determine its effect on both symp- 
toms and overall exercise capacity > Patients 
received either study drug or placebo and 
underwent exercise testing at baseline, 2, 4, 6, 
8 and 10 h. Exercise duration and perfor- 
mance were enhanced and ST-segment depres- 
sion, a marker of ischemia > was reduced up to 
10 h following administration of molsidomine. 
Further, anginal attacks and sublingual nitrate 
use were reduced in the treatment group. 65 

Molsidome and SIN-1, as NO donors, 
inhibit vascular smooth muscle cell prolifera- 
tion, Therefore, it has been suggested that 
these agents may reduce the occurrence of 
restenosis following percutaneous coronary 
interventions. The ACCORD (Angioplastic 
Coronaire Corvasal Diltiazem) study evalu- 
ated 700 stable patients scheduled for coro- 
nary angioplasty and randomized them to 
receive either SIN-1 or diltiazem. Therapy was 
administered prior to coronary intervention 
and continued for 6 months afterward. 
Patients receiving SIN-1 demonstrated a 
greater luminal diameter pre- and post-angio- 
plasty, as well as at 6-month angiographic 
follow-up. Although restenosis rates were sig- 
nificantly reduced in the SIN-1 group, this 
effect did not translate into a difference in 
combined clinical events, including death and 
non-fatal ML 6 * 

Pirsidomine 

Pirsidomine, N-p-anisoyl-3-(c/s-2,6-dimethyl- 
piperidino) sydnontmine, possesses hemody- 



namic properties similar to molsidomine, b 
has a longer duration of action. In anims 
subjected to coronary arterial occlusk 
pirisidomine administration reduced t] 
occurrence of ventricular ectopy and delay* 
the time to onset of ventricular fibrillatio 
Leukocytes recovered from animals trean 
with pirsidomine, generated less superoxide 
determined by lumino-enhanced chemilurr 
nescence than those not treated.* 7 

New NO donors 

Several novel NO donors are currently und 
development. The compound FK 409, {±}(E 
4-ethyl-3[(Z)-hydroxyimino]-5-nitro-3-gexen 
l-yl]-3-pyridinecarboxamide, similarly releas 
NO but at a slower rate. When compared wi 
FR 144420 in an isolated rat aortic prepar 
tion, FK 409 demonstrated greater vasorela 
ant potency and hemodynamic effeci 
although its duration of action was short 
than that seen with FR 144420 * s 

IFT296 

The nitrate ester IFT 296, [3-{2-nitr 
oxyethyl)-3-4-dihydro-2H-l a 3-benzoxazin- 
one] has demonstrated anti-ischernic effects 
an isolated rabbit heart model subjected 
global ischemia. 69 

SPM-S18S 

The compound SPM-5185, (N-nitratopivj 
oyl]-S-(N'-acetylalanyl)-cysteinc cthylcster, 
an effective NO donor. SPM-5185 was cor 
pared to nitroglycerin in an ex vivo prepar 
tion of human saphenous vein grafts ar 
internal mammary arteries obtained at tl 
time of bypass grafting, SPM-5185 product 
comparable relaxation in both arteries ar 
veins, was less prone to the development 
tolerance, and effectively produced vasorela 
ation in vessels that developed tolerance 
nitroglycerin. 70 
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Agents that inhibit platelet- 
dependent protbrombinase 
assembly and activity 

Anticoagulants 

The platelet surface serves as a pivotal sice for 
assembly of the procoagulant intrinsic 'tenase' 
complex, that leads to factor X activation, and 
prothrombinase. Thus, platelet activation can 
be viewed as a thrombin-generating system 
that contributes to a rapid increase in local 
concentrations of thrombin, as well as a per- 
sistent site of thrombin generation* 

In a recent series of experiments, platelet 
activation in response to ADP was greatest in 
blood anricoagulated with unfractionated 
heparin compared with hirudin, recombinant 
tick anticoagulant peptide or enoxaparin (a 
low-molecular-weight heparin preparation). 71 
The effect may have been driven by the nega- 
tive charge of unfractionated heparin and its 
tendency to bind thrombospondin, a platelet 
a-granuie adhesive protein, and platelet factor 



4, increasing platelet activation in response to 
biochemical mediators, 72173 Although the phys- 
iologic implications of this observation are yet 
to be determined, they suggest that platelet 
activation may be facilitated by unfractionated 
heparin and attenuated by factor Xa and/or 
direct thrombin antagonists. 

The ability of low-molecular-weight 
heparin to inhibit platelet-dependent pro- 
thrombinase assembly and activity was investi- 
gated by Spencer and colleagues. 74 Samples 
were obtained from patients with a presenting 
diagnosis of unstable angina or non-ST seg- 
ment elevation MI who had received enoxa- 
parin (Lovenox®). Using samples obtained 1 h 
after enoxaparin administration (peak concen- 
tration), platelet-dependent prothrombinase 
activity (thrombin generation represented by 
prothrombin fragment 1.2) was reduced by 
approximately 25% compared with baseline 
(pre-treatrnent) (Figure 11.4). A similar reduc- 
tion in prothrombinase activity was observed 
using samples obtained 24-^8 h after the 
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Figure 11.4 

Prothrombinase inactivation. This 
was achieved using the low- 
molecular-weight heparin 
preparation, enoxaparin, among 
patients with unstable angina and 
non-ST segment elevation 
ML inactivation, as determined 
by prothrombin fragment 1.2 
(F1.2) generation, was greatest 
with higher plasma 
concentrations (1 h after a 30 mg 
intravenous bolus) but was also 
observed at steady-state 
concentration (24-48 hona 
maintenance dose of 1.0-mg/kg sc 
twice daily). 
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initiation of treatment (steady-state enoxa- 
parin concentrations). In a separate series of 
experiments, samples from patients receiving 
enoxaparin reduced tissue factor-mediated 
prothxombinase assembly {and subsequent 
thrombin generation) (Figure 11.5). 

The findings of Spencer and colleagues sug- 
gest that enoxaparin is able to inactivate 
platelet prothrombinase as well as inhibit tis- 
sue factor-mediated prothrombinase assembly. 
Both properties, which may have important 
implications for the treatment of patients with 
acute coronary syndromes, could be explained 
by the ability of enoxaparin to inactivate 
platelet bound factor X a . It follows that more 
potent and specific X a inhibitors may offer 
considerable promise in the management of 
arterial thrombotic disorders. 

Platelet antagonists 

If platelets contribute substantially to throm- 
bin generation in vivo, it is possible that 



platelet antagonists themselves can decrea: 
thrombin generation. Decreased platelet dept 
sition, activation and aggregation wou! 
reduce the template for thrombin generatic 
and fibrin formation, yielding a less stab 
thrombus. 

Inhibitors of GPHb/HIa have received coi 
siderable attention, not only as potent platel 
antagonists but also as anticoagulants. Initi 
support for the latter was derived from a larg 
scale clinical trial (EPIC) in which patien 
treated with abciximab (ReoPro®) and hepar: 
had longer activated clotting times (ACT) ths 
those receiving heparin alone at the time i 
coronary interventions. 74 Work in our labor; 
tory supports the ability of other GPHb/IL 
antagonists to inhibit thrombin generation ; 
well. In vitro experiments with the selectiv 
non-peptide tirofiban identified a dos 
dependent inhibition of tissue factor mediate 
thrombin generation (Figure 11.6). Althoug 
the mechanism for the anticoagulant effects 
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Figure 11.5 

Inhibition of prothrombin 
formation and activity. Piasma 
samples were obtained from 
patients with unstable angina oi 
non-ST-segment elevation Ml 
receiving enoxaparin inhibited 
both prothrombinase formation 
and activity. Inhibition was 
greatest 7 hour after a 30 mg 
intravenous bolus. F1.2, 
prothrombin fragment F1.2, 
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Figure 11 & 

Inhibition oftirofiban (MK383) on 
platelet coagulant activity In the 
presence of fibrinogen (3 mg/ml) 
The platelet GPIIb/llfa surface 
receptor antagonist tirofiban, in 
addition to its ability to prevent 
platelet aggregation, inhibits 
thrombin generation (F1.2) in a 
dose-dependent manner. Plasma 
systems with washed platelets, 
thrombin, CaCi 2t factor factor 
X 3 , and fibrinogen. 
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unknown, it is possible that GPIIb/IHa block- 
ade impairs microparticie formation and pro- 
thrombinase assembly. Studies to define the 
antithrombotic potential of GPHb/IIIa antago- 
nists in greater detail are ongoing* 

New developments in platelet 
inhibition 

An ability to target specific receptors and 
intracellular signaling events that lead to 
pathologic thrombosis, offers considerable 
potential in clinical medicine. 

The platelet inhibiting potential of ticlopi- 
dine and its derivative, clopidogrel, are well 
recognized and are discussed in detail in Chap- 
ter 7 v In order to understand and appreciate 
the newest class of platelet inhibitors, purine 
receptor antagonists, some initial discussion of 
the ADP receptor is required. 

The platelet ADP receptor (see also Chapter 7) 
Adenosine diphosphate (ADP) was the first 
nucleotide to be ^identified in blood that 



could account for changes in platelet behavior 
upon exposure to a foreign surface. In fact, 
ADP extracted from erythrocyte membranes 
was shown to increase the ability of platelets 
to stick to glass. 27,28 Since that time, a wide 
variety of pharmacologic responses to 
nucleotides have been identified and a compre- 
hensive classification of nucleotide receptors 
has been developed. 29-32 

The receptors, classified by their preference 
for a variety of nucleotide analogs as agonists 
are referred to as P 2 purinoceptors. This distin- 
guishes them from receptors that recognize 
adenosine, which are known as P x purinocep- 
tors. The P 2 purinoceptor includes three sepa- 
rate categories P^, $2Y and P 2T , based on 
structural criteria and the order of cloning. 

The P 2 receptor has two hydrophobic 
domains. To date, no specific competitive 
antagonists have been identified that distin- 
guish between the P 2X and P 2Y receptors. The 
P 2Y receptor has seven hydrophobic domains 
and resembles the rhodopsin family of recep- 
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tors that interact with G-proteins to activate 
phospholipase*, or to stimulate {or inhibit) 
adenyl cyclase. Both ADP and ATP are ago- 
nists for the P 2 >; and P, v purinoceptors. In con- 
trast, the P 2 t receptor is activated by ADP, 
while it is inhibited (by competitive antago- 
nism) by ATP. These unique properties have 
led to the development of ATP analogs with 
high potency and specificity for the P 2T recep- 
tor (discussed later). 

Binding 

The binding of [ M C] ADP to the platelet sur- 
face is achieved through a specific receptor site 
(molecular weight 61 kDa) with approxi- 



mately 100 000 copies per cell (affinity cc 
stant K = 6.5 x 10 6 M"* 1 ). 33 Competition : 
binding at the ADP receptor is as follow 
ATP = ADP > AMP » adenosine. 

Mechanisms of action 
A variety of platelet responses have bt 
reported following ADP binding to its rect 
tor. These include rapid calcium influx, mol 
ization of intracellular calcium stores, shs 
change, inhibition of adenylyl cyclase, stimu 
tion of IP 3 formation, expression of GPIIh/IJ 
phospholipase A 2 stimulation, release 
dense-granule contents and release of a-gr; 
ule contents (Figure 11.7). 




PLATELET 



Figure 11.7 

Adenosine diphosphate (ADP) binding to the platelet surface. This can happen via one or more 
membrane receptors* Following receptor stimulation, interval signaling takes place followed by 
dissociation of heterotrimeric G; protein to a 12 and 0 y subunits that activate phospholipase C and 
inhibit adenyiyi cyclase, respectively. Ultimately, the release of agonists from both dense and alpha 
granules takes place and surface expression ofGPilb/llla is provoked. 
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ADP receptors on other cells 
ADP receptors exist on cells other than 
platelets and this may have physiologic impor- 
tance, ADP promotes the binding of fibrinogen 
to monocytes 34 and stimulates calcium mobil- 
ization in megakaryocytes. ADP receptors 
have also been identified on glioma cells, hepa- 
tocytes, and capillary endothelial cells. 35 

Pzr purinoceptor antagonists 
Adenosine triphosphate (ATP) is a competitive 
P 2r purinoceptor antagonist that can inhibit 
ADP-mediated platelet aggregation* However, 
since ATP functions as an agonist at other P 2 
receptor sites, efforts are underway to develop 
selective P 2T receptor antagonists that can be 



used clinically in situations where platelet acti- 
vation, aggregation, and platelet-rich throm- 
boses are prevalent (e.g. in acute coronary 
syndromes). 

A novel ATP analog, FPL66096 (2-propyl- 
thio-D-B^-difluoromethylene ATP) produces 
a dose-dependent inhibition of ADP-mediated 
platelet aggregation with a high degree of 
selectivity for the P 2T purinoceptor. 36 The 
dichloro-derivative molecule, FPL67085 is a 
potent ADP-mediated platelet antagonist as 
well, and has been shown to prevent cyclic 
flow variations in a Folts model. 37 Its 
antithrombotic effects were similar to those of 
GPIIb/IIIa antagonists but at much less pro- 
longation in the bleeding time (Figure 1L8), 38 




Figure 11.8 

Comparison of the antithrombotic effect of (a) the P 2T purinoceptor antagonist FPL67085 and two 
GPtlb/lttc receptor antagonists (b) R0449883and (c) GR144053, in a canine model of coronary 
thrombosis % inhibition of cyclic flow reduction), (O, bieeding time increase). From Humphries RG, 
1995; with permission, 38 
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When compared with ticlopidine and aspirin 
in an anesthetized rat model 59 FPL 67085 was 
found to be a more effective inhibitor of 
ADP-mediated platelet aggregation. 

A second novel ATP analog, AR-C69931 
MX (2-methykhio-ethyi>2-3,3,3-trifluoropropyl 
(adenylic acid) is a potent inhibitor of 
ADP-induced aggregation in human washed 
platelets (in vitro). It has also been shown to. 
prevent arterial thrombosis in a canine model 
with minimal prolongation of the bleeding 



time. The latter observation has also been cc 
firmed in studies of healthy human volunte< 
in whom platelet aggregation in response 
ADP was eventually abolished at doses tt 
prolonged the bleeding time by approximati 
2-fold (Figure 11.9). ADP-mediated ex vi 
aggregation returned to normal within 20 n 
of terminating the infusion. 40 The metaboli: 
of AR-C69931 MX is predominately via i 
hepatic route with less than 10% bei 
excreted through the kidneys. 
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Figure 11.9 

Platelet inhibition and bleeding 
time prolongation with increas, 
concentrations of the P& 
purinoceptor antagonist: (a)Af 
69931 MX, in healthy female 
subjects; (b)ARC69931 MX, in 
healthy mate subjects, 
Humphries RG, Personal 
communication.*® 
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Anticipated percutaneous 
coronary intervention 



Informed consent 



Figure 11.10 

Proposed study design for a Phase If clinical trial 
ofARC69931 MX in patients with coronary artery 
disease undergoing percutaneous coronary 
interventions. 



Aspirin {plus ticlopidfne or clopidogrel 
for anticipated stent placement) 



Placebo 



ARC69931 MX 



0.5 jig/kg/mln 2.0 jig/kg/min 4.0 ug/kg/mln 



JL 



18-24-h study drug infusion 



Primary end points (safety/tolerability) 



Secondary endpornts (death, Ml, repeat coronary 
interventions at 2, 7 and 30 days) 



Clinical experience 

The specific P 2T receptor antagonist, AR 
C69931 MX, has been given to patients with 
unstable angina and non-ST segment elevation 
MI in phase II clinical trials. A double-blind, 
placebo-controlled multicenter dose ranging 
study of approximately 450 patients is being 
conducted in the USA to assess the safety and 
tolerability of intravenous AR C69931 MX 
(doses: 0.5 pg/kg/min, 2.0 pg/kg/min, 
4.0 pg/kg/min) given for 18-24 h in patients 
undergoing percutaneous coronary interven- 
tions (Figure 11.10), Preliminary safety results 
are favorable and have stimulated further 
investigation. 



Summary 

A comprehensive and expanding knowledge of 
platelet cellular anatomy and physiology, cou- 
pled with an understanding of pathobiologic 
events that govern coronary arterial thrombo- 
sis in patients with acute ischemic syndromes 
has paved the way for pharmacologic 
advances in antithrombotic therapy. Although 
much investigation is needed, antagonists of 
the platelet ADP receptor and nitric oxide 
derivatives, either alone or administered con- 
junctively with a GPIIb/ma inhibitor, appear 
particularly attractive for development, and, if 
deemed worthy, clinical use. 
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ABSTRACT 



BACKGROUND 

Dual-antipfatelet therapy with aspirin and a thienopyridine is a cornerstone of treat- 
ment to prevent thrombotic complications of acute coronary syndromes and percu- 
taneous coronary intervention. 

METHODS 

To compare prasugrel, a new thienopyridine, with clopidogrel, we randomly assigned 
13,608 patients with nioderate-to-high-risk acute coronary syndromes with sched- 
uled percutaneous coronary intervention to receive prasugrel (a 60-mg loading dose 
and a 10-mg daily maintenance dose) or clopidogrel (a 300-mg loading dose and a 
75-mg daily maintenance dose), for 6 to 15 months. The primary efficacy end point 
was death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal 
stroke. The key safety end point was major bleeding. 

RESULTS 

The primary efficacy end point occurred in 12.1% of patients receiving clopidogrel 
and 9.9% of patients receiving prasugrel (hazard ratio for prasugrel vs. clopidogrel, 
0.81; 95% confidence interval [CI], 0.73 to 0.90; P<0.001). We also found significant 
reductions in the prasugrel group in the rates of myocardial infarction (9.7% for 
clopidogrel vs. 7.4% for prasugrel; P<0,001), urgent target-vessel revascularization 
(3.7% vs. 2.5%; P<0.001) f and stent thrombosis (2.4% vs. 1.1%; P<0.001). Major bleed- 
ing was observed in 2.4% of patients receiving prasugrel and in 1.8% of patients 
receiving clopidogrel (hazard ratio, 1.32; 95% CI t 1.03 to 1.68; P-0.03). Also great- 
er in the prasugrel group was the rate of life-threatening bleeding (1.4% vs. 0.9%; 
P=0.01), including nonfatal bleeding (1.1% vs. 0.9%; hazard ratio, 1.25; P=0.23) 
and fatal bleeding (0.4% vs. 0.1%; P=0.002). 

CONCLUSIONS 

In patients with acute coronary syndromes with scheduled percutaneous coronary 
intervention, prasugrel therapy was associated with significantly reduced rates of 
ischemic events, including stent thrombosis, but with an increased risk of major 
bleeding, including fatal bleeding. Overall mortality did not differ significantly 
between treatment groups. (ClinicalTrials.gov number, NCT0009759L) 
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THE SHORT-TERM AND LONG-TERM BEN- 
efits of duai-antiplatelet therapy with aspi- 
rin and clopidogrel have been established 
for patients with acute coronary syndromes 1 " 3 and 
those undergoing percutaneous coronary interven- 
tion (PCI), 4 - 5 Despite these benefits, many patients 
continue to have recurrent atherothrornbotic events 
while receiving standard dual antiplatelet therapy. 1 
In addition, important limitations of clopidogrel 
remain, such as only a modest antiplatelet effect, 
with substantia] interpatient variability 6 ' 7 and a de- 
layed onset of action. 5 Small clinical studies have 
suggested that patients with a reduced pharma- 
cologic response to clopidogrel may be at increased 
risk for adverse clinical events, including myocar- 
dial infarction and corona ry-stent thrombosis. 8 * 11 
Prasugrel — a novel thienopyridine — is a pro- 
drug that, like clopidogrel, requires conversion to 
an active metabolite before binding to the plate- 
let P2Y 12 receptor to confer antiplatelet activity. 12 
At the currently studied doses, prasugrel inhibits 
adenosine diphosphate-induced platelet aggrega- 
tion more rapidly, more consistently, and to a 
greater extent than do standard and higher doses 
of clopidogrel in healthy volunteers 13 and in pa- 
tients with coronary artery disease, 14 - 15 including 
those undergoing PCL 16 Phase 2 testing of prasu- 
grel, as compared with clopidogrel, in patients 
undergoing elective or urgent PCI showed a trend 
toward fewer ischemic events, with an acceptable 
safety profile. 17 Thus, we designed the Trial to As- 
sess Improvement in Therapeutic Outcomes by 
Optimizing Platelet Inhibition with Prasugrel- 
Thrombolysis in Myocardial Infarction (TRITON- 
TIMI) 38, a phase 3 trial involving patients with 
acute coronary syndromes with scheduled PCI, 
comparing a regimen of prasugrel with the stan- 
dard-dose regimen of clopidogrel approved by the 
Food and Drug Administration. 13 Although our 
trial was designed to compare regimens of prasu- 
grel and clopidogrel, it also tests the hypothesis 
that the use of an agent producing a higher level 
of inhibition of adenosine diphosphate-induced 
platelet aggregation and a Jess-variable response 
than standard-dose clopidogrel reduces ischemic 
events. 



METHODS 



TRJTON-TIMI 38 was designed as a collaboration 
between the TIM I Study Group, the sponsors — 
Daiichi Sankyo and Eli Lilly — and a steering 
committee of investigators (see the Appendix). 



Quindles Corporation provided data- and site-man- 
agement services. All key prespecified and explor- 
atory analyses were performed by the TIMI Study 
Group, using an independent copy of the complete 
database. The academic authors wrote all drafts of 
the manuscript and vouch for the veracity and com- 
pleteness of its content The database was locked 
on September 22,2007; the analyses reported here- 
in were completed on October 26, 2007. 

STUDY POPULATION 

We enrolled 13,608 patients with acute coronary 
syndromes [representative of the entire spectrum 
of those syndromes) with scheduled PCI. Patients 
were randomly assigned to the clopidogrel group 
or the prasugrel group in two strata: 10,074 pa- 
tients with moderate-to-high-risk unstable angi- 
na or non-ST-elevation myocardial infarction and 
3534 patients with ST-elevation myocardial infarc- 
tion. The inclusion criteria for patients with un- 
stable angina or non-ST-elevation myocardial 
infarction were ischemic symptoms lasting 10 
minutes or more and occurring within 72 hours 
before randomization, a TIMI risk score 19 of 3 or 
more, and either ST-segrnent deviation of 1 mm 
or more or elevated levels of a cardiac biomarker 
of necrosis. Patients with ST-elevation myocardial 
infarction could be enrolled within 12 hours after 
the onset of symptoms if primary PCI was planned 
or within 14 days after receiving medical treat- 
ment for ST-elevation myocardial infarction. 18 

Full exclusion criteria have been published pre- 
viously. 1 * Key exclusion criteria included an in- 
creased risk of bleeding, anemia, thrombocyto- 
penia, a history of pathologic intracranial findings, 
or the use of any thienopyridine within 5 days 
before enrollment. 18 The protocol was approved 
by the institutional review boards associated with 
all participating centers, and written informed 
consent was provided by all patients. 

STUDY PROTOCOL 

A loading dose of study medication (60 mg of pra- 
sugrel or 300 mgof clopidogrel) was administered, 
in a double-blind manner, anytime between ran- 
domization and 1 hour after leaving the cardiac 
catheterization laboratory. Since the protocol was 
designed as a trial of patients with acute coronary 
syndromes who were undergoing PCI, the coro- 
nary anatomy had to be known to be suitable for 
PCI before randomization in all patients with un- 
stable angina or non-ST-elevation myocardial in- 
farction, or in those enrolled after medical treat- 
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ment for ST-elevation myocardial infarction. If the 
coronary anatomy was previously known or pri- 
mary PCI for ST-eievation myocardial infarction 
was planned, pretreatment with the study drug was 
permitted for up to 24 hours before PCI. Random- 
ization was to occur before PCI was performed, 
and the study drug was to be administered as soon 
as possible after randomization. 

The choice of vessels treated, devices used, and 
adjunctive medication administered to support PCI 
was left to the discretion of the treating physician. 
After PCI, patients received maintenance doses 
of either prasugrel (10 mg) or clopidogref (75 mg) 
daily; Use of aspirin was required, and a daily dose 
of 75 to 162 mg was recommended. Study visits 
were conducted at hospital discharge, at 30 days, 
.at 90 days, and at 3-month intervals thereafter, 
for a total of 6 to IS months. 18 

END POINTS 

The primary efficacy end point was a composite 
of the rate of death from cardiovascular causes, 
nonfatal myocardial infarction, or nonfatal stroke 
during the follow-up period. Key secondary end 
points at 30 and 90 days were the primary com- 
posite end point and a composite of death from 
cardiovascular causes, nonfatal myocardial infarc- 
tion, or urgent target-vessel revascularization. Key 
secondary end points for the entire follow-up pe- 
riod were stent thrombosis and a composite of 
death from cardiovascular causes, nonfatal myo- 
cardial infarction, nonfatal stroke, or ^hospital- 
ization due to a cardiac ischemic event. Addition- 
al prespecifled analyses included an analysis of the 
rates of the primary end point from randomization 
to day 3 and a landmark analysis of those data 
from day 3 to the end of the study. Key safety end 
points were TIM1 major bleeding not related to 
coronary-artery bypass grafting (CABG), non- 
CABG-related TIMJ life-threatening bleeding, and 
TIM1 major or minor bleeding, as previously de- 
fined. 18 Stent thrombosis was defined as definite 
or probable stent thrombosis according to the 
Academic Research Consortium. 20 All components 
of the primary, secondary, and key safety end points 
were adjudicated by members of an independent 
clinical events committee that was unaware of the 
group assignments, 

STATISTICAL ANALYSIS 

Efficacy comparisons were performed on the ba- 
sis of the time to the first event, according to the 
intention-to-treat principle. Safety analyses were 



JTS WITH ACUTE CORONARY SYNDROMES 

carried out on data from patients who received at 
least one dose of the study drug. The Gehan-Wil- 
coxon test was used to compare the treatment 
groups with regard to the primary efficacy end 
point 18 ; the log-rank test was used in a prespeci- 
ficd sensitivity analysis for the primary end point 
and in all analyses of key secondary and safety end 
points. Because of the substantial overlap between 
the cohort of patients with unstable angina or non- 
ST- elevation myocardial infarction and the over- 
all population of patients with acute coronary syn- 
dromes, and to preserve the statistical power to 
detect a difference between the two treatment 
groups, we used a closed testing procedure. The 
primary efficacy end point was analyzed in the 
cohort with unstable angina or non-ST-elevation 
myocardial infarction first, and only if there was 
a statistically significant difference between the 
treatment groups was this end point analyzed in 
the overall cohort. 18 Rates of the end points are 
expressed as Kaplan-Meier estimates at 15 months 
and were compared with the use of hazard ratios 
and two-sided 95% confidence intervals* An inde- 
pendent data monitoring committee monitored 
the safety and efficacy of the study drugs. P val- 
ues of less than 0.05 were considered to indicate 
statistical significance. 

We calculated that a total of 875 primary end 
points would be required for the study to have a 
90% power to detect a 20% reduction in the rela- 
tive risk of the primary end point among patients 
with unstable angina or non-ST-elevation myocar- 
dial infarction receiving prasugrel, as compared 
with clopidogrel. It was estimated that 9500 pa- 
tients with unstable angina or non-ST-elevation 
myocardial infarction would need to be enrolled 
to achieve this number of end points. 18 A pre- 
specified assessment conducted when 650 patients 
had had a primary end point found a slightly 
lower-than-expected aggregate rate of the end 
point, which led us to increase the number of pa- 
tients in the cohort with unstable angina or non- 
ST-elevation myocardial infarction to approximate- 
ly 10,100^ 



RESULTS 



We randomly assigned 13,608 patients (10,074 with 
unstable angina or non-ST-elevation myocardial 
infarction and 3534 with ST-eievation myocardial 
infarction), from 707 sites in 30 countries, to a 
treatment group between November 2004 and Jan- 
uary 2007, The baseline characteristics were sim- 
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ilar to those in contemporary studies of patients 
with acute coronary syndromes who were under- 
going PCI and were well matched between the 
treatment groups (Table 1). The median duration 
of therapy was 14.5 months. A total of 14 patients 
(0,1%) were lost to follow-up. 

Nearly all patients (99%) had PCI at the time 
of randomization, 94% received at least one in- 
tracoronary stent, and 47% received at least one 
drug-eluting stent. The study drug was adminis- 
tered before the first coronary guidewire was 
placed in 25% of patients, after ihe first coro- 
nary guidewire was placed and during the PCI or 
within 1 hour after PCI in 74%, and more than 
1 hour after PCI in 1%. 

EFFICACY END POfNTS 

The rate of the primary efficacy end point was 
significantly reduced in favor of prasugrel among 
the patients with unstable angina or non-ST-eleva- 
tion myocardial infarction (hazard ratio, 0,82; 95% 
confidence interval [CI], 0.73 to 0.93; P=0.002); 
therefore, as prespecifled, the analysis was also 
performed in the overall cohort of patients with 
acute coronary syndromes. A significant benefit 
of prasugrel was also observed in the ST-elevation 
myocardial infarction cohort alone (hazard ratio, 
079; 95% CI, 0.65 to 0.97; P=0.02), and there 
was no significant interaction between treatment 
group and enrollment stratum (unstable angina 
or non-ST-elevation myocardial infarction vs. ST- 
elevation myocardial infarction). 

Ln the overall cohort, a total of 781 patients 
(12.1%) in the clopidogrel group had the primary 
end point, as compared with 643 patients (9.9%) 
in the prasugrel group (hazard ratio, 0*81; 95% CI, 
0.73 to 0.90; P<0.001) (Table 2 and Fig. 1A), sup- 
porting the primary hypothesis of superior effi- 
cacy. A significant reduction in the primary end 
point was seen in the prasugrel group by the first 
prespecifled time point, 3 days (5,6% in the clopi- 
dogrel group vs. 4.7% in the prasugrel group; 
hazard ratio, 0.82; 95% CI, 0.71 to 0.96; P=0.01) 
(Fig. IB), and persisted throughout the follow-up 
period. From 3 days to the end of the study, the 
primary end point had occurred in 6.9% of pa- 
tients receiving clopidogrel and in 5.6% of pa- 
tients receiving prasugrel (hazard ratio, 0.80; 95% 
CU 0.70 to 0.93; P=0.003) (Fig. 1C). The difference 
between the treatment groups with regard to the 
rate of the primary end point was largely related 
to a significant reduction in myocardial infarc- 



tion in the prasugrel group (9.7% in the clopido- 
grel group vs. 7.4% in the prasugrel group; haz- 
ard ratio, 0.76; 95% Ci, 0.67 to 0.85; P<0.001). The 
rate of myocardial infarction with subsequent 
death from cardiovascular causes (including ar- 
rhythmia, congestive heart failure, shock, and 
sudden or unwitnessed death) was also reduced 
in the prasugrel group (0.7% in the clopidogrel 
group vs. 0.4% in the prasugrel group; hazard 
ratio, 0.58; 95% CI, 0.36 to 0.93; P=0.02). There 
was no significant difference between the two 
treatment groups in the rate of stroke or of death 
from cardiovascular causes not preceded by re- 
current myocardial infarction. 

Prasugrel showed superior efficacy in major 
prespecifled subgroups (Fig. 2), without signifi- 
cant interactions between the characteristics of the 
patients and the treatment group. A benefit with 
prasugrel with regard to the primary end point 
was found both with the use of glycoprotein 
llb/IIIa-receptor antagonists during the index hos- 
pitalization (hazard ratio for prasugrel vs. clopi- 
dogrel, 0.79; 95% CI, 0.69 to 0.91; P<0.001) or 
without such use (hazard ratio, 0.84; 95% CI, 0.72 
to 0.99; P=0.03), The benefit tended to be greater 
among the 3146 patients with diabetes (17.0% of 
whom had the primary end point in the clopido- 
grel group, vs. 12.2% in the prasugrel group; haz- 
ard ratio, 0.70; 95% CI, 0.58 to 0.85; P<0.001) than 
among the 10,462 patients without diabetes (10.6% 
of whom had the primary end point in the clopi- 
dogrel group, vs. 9.2% in the prasugrel group; 
hazard ratio, 0.86; 95% CI, 0.76 to 0.98; P=0.02). 
There was no significant interaction between treat- 
ment effect and diabetes status (P=0.09) or the 
timing of the study-drug administration (P-0.40). 

Similar significant reductions were seen for 
prasugrel in the overall cohort with regard to the 
prespecifled secondary end point of death from 
cardiovascular causes, nonfatal myocardial infarc- 
tion, or urgent target-vessel revascularization at 
30 days (hazard ratio, 0.78; 95% CI, 0.69 to 0.89; 
P<0.001) and at 90 days (hazard ratio, 0.79; 95% 
CI, 0.70 to 0.90; P<0.001). A significant reduction 
in the rate of urgent target-vessel revasculariza- 
tion alone was also found in the prasugrel group 
by the end of the follow-up period (hazard ratio, 
0.66; 95% CI, 0.54 to 0.81; P<0.001) (Table 2). 
A reduction in favor of prasugrel was also seen by 
the end of the follow-up period for the end point 
of death from cardiovascular causes, nonfatal 
myocardial infarction, nonfatal stroke, or rehos- 
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pitalization for ischemia (hazard ratio, 0,84; 95% 
CI, 0,76 to 0.92; P<0.001) (Table 2). The rate of 
definite or probable stent thrombosis, as defined 
by the Academic Research Consortium, was sig- 
nificantly reduced in the prasugrel group as com- 
pared with the dopidogrel group, with 68 patients 
(1.1%) and 142 patients (2.4%), respectively, hav- 
ing at least one occurrence (hazard ratio, 0,48; 
95% CI, 036 to 0.64; P<0.001), The significant re- 
duction in the rate of stent thrombosis was also 
found among patients receiving prasugrel in com- 
bination with bare-metal stents alone (hazard ra- 
tio, 0.52; 95% CI, 035 to 077; P<0.001) and among 
those receiving prasugrel in combination with at 
least one drug-eluting stent (hazard ratio, 0.43; 
95% CI, 0.28 to 0.66; P<0,001). 



SAFETY END POINTS 

Among patients treated with prasugrel, 146 (2,4%) 
had at least one TIMI major hemorrhage that was 
not related to CABG, as compared with 111 pa- 
tients (1.8%) treated with dopidogrel (hazard ra- 
tio, 1.32; 95% CI, 1.03 to 1.68; P=0.03) (Table 3). 
This excess of TIMI major bleeding included a 
higher rate of life-threatening bleeding in the pra- 
sugrel group (1.4%, vs. 0.9% in the dopidogrel 
group; hazard ratio, 1.52; 957o CI, 1.08 to 2.13; 
P=0.01) at the end of the study, as well as from 
the time of randomization to day 3 (0.4% vs. 0,3%; 
hazard ratio, 1,38; 95% CI, 0,79 to 2.41; P=0.26) 
and from day 3 to the end of the study (1.0% vs. 
0,6%; hazard ratio, 1.60; 95% CI, 1.05 to 2,44; 
P=0.03). Fatal TIMI major bleeding occurred in 
significantly more patients treated with prasugrel 
(0.4%) than those treated with dopidogrel (0,1%) 
(P^0.002) (Table 3), and more patients in the pra- 
sugrel group had nonfatal life-threatening bleed- 
ing (1.1%, vs, 0.9% in the dopidogrel group; 
hazard ratio, 1.25; 95% CI, 0.87 to 1.81; P=0.23). 
A higher rate of TIMI major bleeding related to 
instrumentation and a significantly higher rate 
of spontaneous TIMI major bleeding were seen 
in the prasugrel group than in the dopidogrel 
group (Table 3). Intracranial hemorrhage was 
reported in 19 patients (0.3%) receiving prasu- 
grel and 17 patients (0.3%) receiving dopidogrel 
(P=0.74). The combination ofnon-CARG-related 
TIMI major or minor hemorrhage was more fre- 
quent among patients receiving prasugrel than 
among those receiving dopidogrel (hazard ratio, 
L31; 95% CI, 1.11 to 1.56; P=0.002) (Table 3), 
Few patients underwent CABG; among them, 



the rate of TIMI major bleeding was also greater 
with prasugrel than with dopidogrel (Table 3). 
More patients treated with prasugrel (2,5%, vs. 
1.4% of patients treated with dopidogrel; P<0.001) 
discontinued the study drug owing to adverse 
events related to hemorrhage, 

When the rates of certain efficacy and bleed- 
ing end points — death from any cause, nonfa- 
tal myocardial infarction, nonfatal stroke, and 
TIMI major hemorrhage — were included in a 
prespecifled analysis of net clinical benefit, the 
findings favored prasugrel (13.9% of patients in 
the dopidogrel group vs, 12,2% in the prasugrel 
group; hazard ratio, 0.87; 95% CI, 0.79 to 0,95; 
P=0.004). Death from cardiovascular causes (in- 
cluding death related to intracranial hemorrhage 
or to bleeding related to a cardiovascular proce- 
dure) or fatal hemorrhage occurred in 151 patients 
(2,4%) receiving dopidogrel and in 142 patients 
(2,2%) receiving prasugrel (hazard ratio, 0.94; 95% 
CI, 0.75 to 1.18; P^0.59). 

As a result of the discordance between the ef- 
ficacy results (lower rates of ischemic end points in 
the prasugrel group than in the dopidogrel group) 
and the safety results (higher rates of bleeding 
end points with prasugrel than with dopidogrel) 
during the entire follow-up period, we performed 
a series of post hoc exploratory analyses to iden- 
tify the subgroups of patients who did not have 
a favorable net clinical benefit (defined as the rate 
of death from any cause, nonfatal myocardial in- 
farction, nonfatal stroke, or non-CABG-related 
nonfatal TIMI major bleeding) from the use of 
prasugrel or who had net harm. There were 
three specific groups of interest; patients who 
had a previous stroke or transient ischemic at- 
tack had net harm from prasugrel (hazard ratio, 
1.54; 95% CI, 1.02 to 2.32; P=0,04), patients 75 
years of age or older had no net benefit from 
prasugrel (hazard ratio, 0.99; 95% CI, 0.81 to 
1.21; P=0.92), and patients weighing less than 
60 kg had no net benefit from prasugrel (haz- 
ard ratio, 1.03; 95% CI, 0.69 to 1.53; P=0.89). 
In both treatment groups, patients with at least 
one of these three risk factors had higher rates 
of bleeding than those without them (Table 4). 
Patients with a history of cerebrovascular events 
had no evidence of a clinical benefit from prasu- 
grel (as compared with dopidogrel), as evaluated 
by the primary efficacy end point, and had a 
strong trend toward a greater rate of TIMI major 
bleeding (P=0,06), including intracranial hemor- 
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Tabfel^ Patients* 



Characteristic 

Unstable angina or N STEM I {%) 

STEM! {%) 

Age 

Median (yr) 

25th percentile, 75th percentife (yr) 

*75 yr {%) 
Female sex {%) 
BMJf 

Median 

25th percentile, 75th percentile 
White race {%)% 
Region of enrollment (%] 

North America 

Western Europe 

Eastern Europe 

Middle East, Africa, or Asia-Pacific region 

South America 
Medical history {%) 

Hypertension 

Hypercholesterolemia 

Diabetes mellitus 

Tobacco use 

Previous Ml 

Previous CA8G 
Creatinine clearance <60 ml/min (%}$ 
Index procedure {%) 

PCI 

CABG 

Stent 

Bare-metal stent only 

si Drug-eluting stent 
Multivessel PCI 
Antithrombin use to support PCI (%} 
Heparin 
LMWH 
Bivalirudin 

Other or multiple therapies 
Glycoprotein llb/llla-receptor antagonist use during mdex hospitalization {%) 
Timing of study-drug administration (%)] 

Before PCJ 

During PCI 

After PCI 



Prasugrel 
{N = 6813) 

74 

26 



61 
53,69 
13 
25 

28 
25,31 
92 

32 
26 
24 
14 
4 

64 
56 
23 
38 
IS 
8 
11 

99 
1 
94 
48 
47 
14 

66 
9 

3 
22 
54 

26 
73 
1 



ClopidogreT 
(N=6795) 

74 

26 

61 
53, 70 
13 
27 

28 
25,31 
93 

32 
26 
25 
14 
A 

64 
56 
23 
38 
IS 
7 
12 

99 
1 
95 
47 
47 
14 

65 

8 

3 
23 
55 

25 
74 
1 
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Table 1 (Continued.) 



Characteristic 


Prasugrel 
(N = 6813) 


Ciopidogrel 
(N-6795) 


Pharmacotherapy during index hospitalization {%) 






ACE inhibitor or ARB 


76 


75 


Beta-blocker 


38 


8& 


Statin 


92 


92 


Calcium-channel blocker 


IS 


17 


Aspirin 


99 


99 



* Patients could have had more than one type of medical history, undergone more than one type of index procedure, 
or received more than one type of pharmacotherapy during index hospitalization. The percentage of female patients 
and the percentage of patients who received an angiotensin-converting-enzyrne (ACE) inhibitor or angiotensin-receptor 
blocker (ARB) differed significantly between the prasugrel group and the ciopidogrel group (P=0.02 and P=0 03 
respectively). NSTEMI denotes non-ST-etevation myocardial infarction (Ml), STEM I STdcvation Ml, CABG coronary- 
artery bypass grafting, PCI percutaneous coronary intervention, and LMWH low-moleoifor-weight heparin. Beta-blocker 
inhibitor 5S ^ adrenergic " fece P tor anta g° n '5t, and statin is defined as hydfoxymethylglutaryl-coenzyme A reductase 

t The body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters 
£ Race was self* re ported. 

5 Creatinine cfearance was estimated with the use of the Cocftcroft-Gault formula, 

1 Administration of the study drug before PCI occurred before the first coronary guidewire was placed during the index 
PCI; administration during PCI occurred after the first coronary gufdewlre was placed or within 1 hour after the patient 
was taken from the cardiac catheterization laboratory; and administration after PCI occurred more than 2 hour after the 
patient was taken from the cardiac catheterization laboratory. 



rhage in six patients (23%) in the prasugrel group, 
as compared with none in the clopidogreJ group 
(P-0.02). As a result, there was a significant inter- 
action between a history of cerebrovascular events 
and the degree of net clinical benefit of prasu- 
grel as compared with ciopidogrel (Table 4), indi- 
cating a significant harm from prasugrel among 
patients with a history of cerebrovascular events 
(518 patients), as compared with a significant ben* 
eflt from prasugrel among patients without such 
a history (13,090 patients). There was also a sig- 
nificant interaction between the presence or ab- 
sence of any of these three risk factors and the 
degree of net clinical benefit for prasugrel as com- 
pared with ciopidogrel (P=0.006), though no sig- 
nificant harm was evident Among patients with- 
out any of these three risk factors, there was 
greater efficacy with prasugrel (hazard ratio, 0.74; 
95% CI, 0,66 to 0.S4; P<0.001), no significant dif- 
ference in the rate of major bleeding in the pra- 
sugrel group and the ciopidogrel group (hazard 
ratio, 1.24; 95% CI, 0.91 to 1.69; P=0.17), and a 
substantially favorable net clinical benefit for the 
use of prasugrel (Table 4). 

The rate of serious adverse events not related 
to hemorrhage was similar in the prasugrel group 
and the ciopidogrel group (occurring in 22.5% and 
2X8% of patients, respectively; P=0.52). The study 



drug was discontinued owing to adverse events not 
related to hemorrhage in 4.7% of patients treat- 
ed with prasugrel and in 5.0% of patients treated 
with ciopidogrel (P=037). The adverse events re- 
ported included severe thrombocytopenia in 17 
patients in the prasugrel group (0.3%) and 18 
patients in the ciopidogrel group (03%) (P=0.86); 
neutropenia in 2 patients (<0.1%) and 10 patients 
(0.2%) (P=0.02), respectively; and colonic neo- 
plasms in 13 patients (0,2%) and 4 patients (0.1%) 
(P=0,03). Known gastrointestinal bleeding pre- 
ceded the diagnosis of colonic neoplasms in nine 
patients (seven in the prasugrel group and two in 
the ciopidogrel group). 



DISCUSSION 



The risk of myocardial ischemic events in patients 
with acute coronary syndromes has been shown 
to be reduced by means of platelet inhibition with 
the use of aspirin 21 and, even more effectively as 
compared with the use of aspirin alone, dual-anti- 
platelet therapy with aspirin and ticlopidine or 
ciopidogrel, two inhibitors of the P2Y/ 12 adenosine- 
diphosphate receptor. 1 - 3 -* Our results show that the 
treatment of patients with acute coronary syn- 
dromes, across the full spectrum of such syn- 
dromes, with prasugrel (a 60-mg loading dose, 
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Table Z Major Efficacy End Points 'in the OverafJ C 


ohortat iS Monti 


is,* 












Hazard Ratio 




End Point 


Prasugrel 
(N = 6813J 


Clopidogrel 
(N = 679S) 


(95% O) 


P Valuey 




rto. of patients {%} 






Death from cardiovascular causes, nonfatal MJ t 
or nonfatal stroke {primary end point) 


643 (9.9) 


781 (12.1) 


0.81 (0.73-0.90) 


<0.001 


Dealh from cardiovascular causes 


111 (7 11 


Lou (2.4) 


0.S9 (0.70-1.12} 


0J1 


Nonfatal Ml 


475 (7.3) 


620 (9.5) 


U./d (0*67-0.85) 


<0.001 


Nonfatal stroke 


61 (1.0) 


60 (1.0) 


1.02(0.71-1.45) 


0.93 


Death from any cause 


1SS (3.0) 


197 (3.2) 


0 95 fO 7S-1 161 


0 £A 


Death from cardiovascular causes, nonfatal MJ T 
or urgent target-vessel revascularization 


652 (10.0) 


798 (12.3) 


0.81 (0.73-0.89) 


<0.001 


Death from any cause, nonfatal Ml, or nonfatal 
stroke 


692 (10.7) 


822 (127) 


0,83 (0.75-0.92) 


<0.001 


Urgent target-vessel revascularization 


156 (2.5) 


233 (3.7) 


0.66 (0.54-0.81) 


<0,001 


Death from cardiovascular causes, nonfatal Ml, 
nonfatal stroke, or rehospitalization for 


797 (12,3) 


938 (14.6) 


0.84 (0.76-0.92) 


<0.001 


ischemia 










Stent thrombosis^: 


68 (LI) 


142 (2.4) 


0.48 (0.36-0.64) 


<0.001 



HC , dre ^pian-^e er estimates ot the rate of the end point at 15 months. Patients could have had more 

than one type of end point. Death from cardiovascular causes and fatal bleeding (Table 3) are not mutually exclusive 
smce mtracranial hemorrhage and death after cardiovascular procedures that were complicated by fatal bleeding were 
included in both end points. Ml denotes myocardial infarction 

tP values were calculated with the use of the log-rank test. The prespecified analysis for the primary end point used the 
Gehan-Wilcoxon test, for which the P value was less than 0,001. 

$ Stent thrombosis was defined as definite or probable thrombosis, according to the Academic Research Consortium* the 
numbers of patients at risk were all patients whose index procedure included at least one intracoronary stent* 6422 pa- 
tients in each of the two treatment groups. " v 



followed by a 10-mg maintenance dose), as com- 
pared with clopidogrel at the standard, approved 
dose, resulted in a significant 2.2% absolute re- 
duction and a 19% relative reduction in the rate 
of the primary efficacy end point (death from car- 
diovascular causes, nonfatal myocardial infarc- 
tion, or nonfatal stroke). The rates of ischemic 
events were also reduced in the prasugrel group, 
with a 23% absolute reduction and a 24% rela- 
tive reduction for myocardial infarction, a 1.2% 
absolute reduction and a 34% relative reduction 
for urgent target-vessel revascularization, and a 
1.3% absolute reduction and a 52% relative re- 
duction for stent thrombosis, a rare but poten- 
tially devastating clinical, event. Our study was not 
powered to detect a reduction in the rate of death 
from cardiovascular causes, and no significant 
benefit was seen for prasugrel over clopidogrel. 
However, a 03% absolute reduction and a 42% 
relative reduction were found for recurrent myo- 
cardial infarction followed by death from cardio- 
vascular causes. 



The reduction in the rate of ischemic events by 
means of antiplatelet agents, including both oral 
agents (aspirin and clopidogrel) 1 ^ 1 and intrave- 
nous agents (glycoprotein Ilb/IIJa-receptor antago- 
nists), 22 " 2 * has uniformly been accompanied by an 
increase in bleeding. The Antithrombotic Trial- 
ists' Collaboration reported a proportional increase 
in the odds of major bleeding of 60% with the 
use of antiplatelet agents (largely aspirin), as com- 
pared with placebo. 21 In the Clopidogrel in Un- 
stable Angina to Prevent Recurrent Events (CURJE) 
trial, therapy with clopidogrel plus aspirin, as com- 
pared with aspirin alone, was associated with a 
38% increase in the odds of major bleeding, 1 The 
reduction in ischemic events we observed with 
prasugrel as compared with standard-dose clopi- 
dogrel was, as expected, associated with a signifi- 
cant increase in the rate of bleeding. The relative 
rate of TIM I major hemorrhage was increased by 
32% with prasugrel (Table 3). There was an in- 
crease in the rate of life-threatening bleeding with 
prasugrel, including a significant increase in fatal 
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Clopidogrel 




12-1 i 138 Events 

Hazard ralio, 0.81; 
95% CI, 0.73-0.90; 
33 P<0,001 



T 35 Events 

Hazard ratio. 1.32; 
95% CU.03-L6S; 
P-0.03 



90 120 150 180 210 240 270 300 330 360 390 420 450 
Days after Randomization 



No. at Risk 

Clopidogrel 
Prasugrel 



6795 6169 
6813 6305 



6036 
6177 



5S35 
59SL 



5043 
5119 



4369 
4445 



3017 
3085 



nj 
U 

Uf 



s- 

7- 






6- 


Clopidogrel 


5.6 


5- 




4- 


1 1 Prasugrel 


4./ 


3~ 




P-0.01 


2 1 
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i 
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Figure ,1. Cumulative Kaplan-Meier Estimates of the Rates of Key Study End Points during the Follow up Period, 
Panel A shows data for the primary. efficacy end point (death from cardiovascular causes, nonfatal myocardial in- 
farction [Mlj, or nonfatal stroke) (topj and for the key safety end point (Thrombolysis in Myocardial infarction 
[Tl Ml]. major bleeding not related : to coronary-artery bypass gra 

The. hazard ratio for prasugrel. as compared with clopidogrel, for.the. primary efficacy end point at 30 days was 077 
(95% confidence interval [CIJ, ,0 67 to 0 88; P<0.001) and at .90 .days was 0.30 (95% 0,071 to 0.90; P<0 001} Data 
for the primary efficacy end point are. also shown from the time of randomization to day 3 (Panel B) and from 
3 days to 15 months, with all end p'oiots. occurring before day. 3 censored (Panel C): In Panel C, the' number at risk " 
includes all patients who were alive (regardless of whether a nonfatal event had occurred during the first 3 days 
after randomization) and had notwjthdrawn consent for. follow up The P values in Panel A for the primary efficacy 
end point were calculated wrth the use of the Gehan-WHcoXon test, all other P values were calculated with the use 
of the log-rank test. : ; . ' ;. 



major hemorrhage. Bleeding episodes, including PCI. Though few patients underwent CABG, ma- 
major or life-threatening hemorrhage, were more jor bleeding occurred at a higher rate among those 
frequent in the prasugrel group than in the clopi- receiving prasugrel than among those receiving 
dogrel group, both near the time of PCI and after clopidogrel. This finding suggests that, with a 
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Baseline Characteristics 

Overall-;-:- : .O: 

Unstable angina or n on -ST elevation. Ml 
ST-eJevation M! 



Hazard Ratio for 
Prastrgrel Efficacy 
|95% CIJ 




Se*:.. v : \\ . '■■}/■■: \- 
Male 

Female' = \&V.X: : . ; 

Age 

- <i65.vr. : ■ - : •\&^\&-£y?r£ 

65-74 yr 

: £?5yr.... ■ v .-/.W }. W : 
Diabetes meltitus 

NPvr : V .. . : --"v.\ - ■- J • 

Yes _ 
Sien I placernent d u ring i fldex procedu re 

Bare-metaJ stent only 
' '^pwi^lii^ngsieni^X''^ : - X'-P';-- ,. 
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P'gMfe2 : Hazard Ratios and Rates of the Primary End Point, According to SeJettedSubgroups of Study Patfents 
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• point estimateof the treatment ef^ct. The overall treatment.effect of prasugref as compared'iviith' cilojDido^jiis rep- 

the P values for interactions were significant Glycoprotein lib/WaVeceptor antagonist use was that during the m- 
dex hospitalization. ' ' ' ' - • 



strategy of more potent platelet inhibition, greater 
attention to the discontinuation of therapy before 
surgery may be needed, 25 

Although the results of post hoc subgroup 
analyses should be considered exploratory, we 
identified three subgroups of interest that had 
less clinical efficacy and greater absolute levels of 
bleeding than the overall cohort, resulting in less 
net clinical benefit or in clinical harm. These in- 
cluded patients with a history of stroke or tran- 
sient ischemic attack before enrollment, the elderly 
(age >75 years), and those with a body weight of 
less than 60 kg, risk factors that have been pre- 
viously identified as being associated with an in- 
creased risk of adverse outcomes from the use of 
antiplatelet or antithrombotic agents. 26 '* 7 Patients 
who had had a cerebrovascular event before en- 



rollment in our trial had numerically worse clini- 
cal outcomes, as measured in terms of the pri- 
mary end point, and more frequent bleeding 
(including intracranial bleeding) chan did those 
without such a history. In previous studies of pa- 
tients with stroke, 28 dual-antiplatelet therapy has 
been associated with an increased risk of adverse 
outcomes, particularly intracranial bleeding, as 
compared with single-antipJatelet therapy. We 
therefore believe that our findings regarding pra- 
sugrel among patients with a history of cerebro- 
vascular events add to the concerns about the risk 
of intensive inhibition of platelet aggregation in 
this population. Among the elderly and among 
patients with a body weight of less than 60 kg in 
whom neither net benefit nor net harm was ob- 
served, it would be expected that increased levels 
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Table 3, Thrombolysis in Myocardial Infarction jttMJ) Bleeding End Points in the Oi/eralf Cohort at 15 Months ;* 




Prasugrel 




Hazard Ratio 




End Point 


Clopidogre! 


for Prasugrel 




(Nt=6741) 


(N-6716) 


(95% CI) 


P Value 




no. of patients (%) 






Non-CABG-relaled TIMI major bleeding 
(key safety end point) 


146 (2.4) 


111 (LS) 


1.32 (1.03-1.68) 


0.03 


Refated to instrumentation 


45 (07) 


38 (0.6) 


LIS (0.77-1.82) 


0 41 


Spontaneous 


92 (1.6) 


61 (1.1) 


1.51 (L09-2.08) 


0.01 


Related to trauma 


9 (0.2) 


12 (0.2) 


0.75 (0.32-1.78) 


0.51 


Life-threaten ing-j- 


85 (1.4) 


56 (0.9) 


1.52 (1.08-2.13) 


0.01 


Related to instrumentation 


28 (0,5) 


18 (0.3) 


1.55 (0.86-2.81) 


0.14 


Spontaneous 


50 (0.9) 


28 (0.5) 


L/s (1.12—2.83) 


0.01 


Related to trauma 


7(0,1) 


10 (0.2) 


0.70(0.27-1.84) 


0.47 


FataJt 


21 (0.4) 


5(0.1) 


4.19 (1.58-11.11) 


0.002 


Nonfatal 


64(H) 


51 (0.9) 


1.25 (0.87-1.81) 


0,23 


Intracranial 


19 (0J) 


17 (0.3) 


1.12 (0.58-2.15) 


0.74 


Major or minor TfMI bleeding 


303 (5.0) 


231 (3.S) 


1.31 (1.11-1.56) 


0.002 


Bleeding requiring transfusions 


244 (4.0) 


132 (3.0) 


1.34 (1,11-1.63) 


<0.001 


CABG-relatcd TIMI major bleeding^] 


24 (13.4) 


6 (3.2) 


4,73 (1.90-1 LS2) 


<0.001 



7 A* V ft f h A a HdUcm \ wno receiv « at ,east on * dose the study drug and for end points occurring within 
7 days after the study drug was discontinued or occurring within a longer period if the end point was believed by the 
local investigator to be related to the use of the study drug. Percentage's are Kaplan-Meier estimates of of the 

passSing *' C ° U,d m ° re th3n ^ tyPC ° f P °^' CABG ^ n ° tes 

7e h trope°rS^ of life-threatening bleeding were gastrointestinal sites, Intracranial sites, the puncture site r and 

* One patient in the dopidogrel group had a fatal gastrointestinal hemorrhage while receiving the study medication but 
hemoglobin testing was not performed and, therefore, the criteria for TIMI major bleeding (including Wthreatening 
and fatal bleeding) could not be applied and the data do not appear in this table. mrearen.ng 

5 Transfusion was defined as any transfusion of whole bfood or packed red cells 

1 For major bleeding related to CABG, the total number of patients were all patients who had received at least one dose 
of prasugrel or dopidogrel before undergoing CABG: 179 and 189 f respectively. The ratio is the odds ratio, rather than 
the hazard ratio, and was evaluated with the use of the Cochran-Mantel-Haensze! test 



of the active metabolite of prasugrel may have led 
to an increased risk of bleeding, owing to altered 
disposition of the drug or smaller body size In 
contrast, a large majority of patients without any 
of these rislc factors had a significant net clinical 
benefit with the prasugrel regimen studied, as 
compared with the dopidogrel regimen (hazard 
ratio, 0,80; 95% CI, 0.71 to 0.89; P<0.001). Ad- 
ditional work to define populations with an in- 
creased risk of bleeding, in association with 
oral regimens yielding high degrees of inhibi- 
tion of platelet aggregation, is likely to be helpful 
in guiding therapy. 

In addition to the results of our key prespeci- 
fled safety analyses, we noted a higher rate of ad- 
verse events related to colonic cancer in the prasu- 
grel group than in the dopidogrel group. Though 



we cannot fully rule out either a possible causative 
effect or the play of chance, this imbalance may 
have resulted from the more potent antiplatelet ef- 
fect of prasugrel bringing more events to medical 
attention, a phenomenon seen with other antico- 
agulant agents, including warfarin. 29 '* 5 

Treatment with prasugrel at the dosage used 
in our trial has been shown to generate higher and 
more consistent levels of active metabolite than 
treatment with approved doses of dopidogrel. 13 
This results in higher levels of mean inhibition of 
platelet aggregation, lower interpatient variability 
in such inhibition, and fewer patients considered 
to have poor responsiveness or hyporesponsiveness 
when platelet function is assessed in the labora- 
tory. 15 Considerable research has focused on the 
presence and clinical meaning of hyporesponsive- 
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Tabled. The Balance of Efficacy and Safely m Selected 








. ; 


- • .. - . 



End Point 



History of stroke or TIA 

Death from cardiovascufar causes, nonfatal Ml, 
or nonfatal stroke (primary efficacy end 
point) 

Non-CABG-related TfMl major bleeding 

Death from any cause, nonfatal Ml, nonfatal 
stroke, or non-CABG-refated nonfatal TIMI 
major bleeding 

No history of stroke or TfA 

Death from cardiovascular causes, nonfatal Ml, 
or nonfatal stroke (primary efficacy end 
point) 

Non-CABG-related TIMI major bleeding 

Death from any cause, nonfatal Ml, nonfatal 
stroke, ornon-CABG -related nonfatal TIMI 
major bleeding 

Age >75 yr, body weight <60 kg, or history 
of stroke or TIA 

Death from cardiovascular causes, nonfatal Ml, 
or nonfatal stroke (primary efficacy end 
point} 

Non-CABG-related TIMI major bleeding 

Death from any cause, nonfatal Ml t nonfatal 
stroke, or non-CABG- related nonfatal TIMI 
major bleeding 

Age <75 yr t body weight &60 kg, and no history 
ofstrokeorTIA 

Death from cardiovascular causes, nonfatal Mi, 
or nonfatal stroke (primary efficacy end 
point) 

Non-CABG-related TIMI major bleeding 

Death from any cause, nonfatal Ml, nonfatal 
stroke, or non-CABG-refated nonfatal TIMI 
major bleeding 



Prasugrel Clopidogrel 

no, of patients/total no. {%) 



Hazard Ratio 

for PrasugreJ p Value for 

(95% CI) P Value Interactionf 



47/262 (19.1) 35/256 (14.4) 1.37 (0,89-2.13) 0.15 



14/257 (5.0) 6/252 (2,9) 

57/262 (23.0) 39/256 (16.0) 



2.46 (0.94-6,42) 
1.54 (L02-2.32) 



0.06 
0.04 



596/6551 (9.5) 746/6539 (12.0) 0.79 (0. 71-0.88) <0.001 



132/64S4 (2.3) 105/6464 (1.8) 
727/6551 (11.8) 854/6539 (13.8) 



1.26 (0.97-1.62) 0.08 
0.84 (0.76-0.93) <a0Ql 



198/1320 (16.1) 199/1347 (16.0) 1.02 (0.S4-L24) 0.83 

52/1305 (4.3) 38/1328 (3.3) 1.42 (0.93-2.15) 0,10 
249/1320 (20.2) 239/1347 (19-0) L07 (0.90-1.28) 0.43 



433/5421 (8.3) 569/5383 (11.0) 0,74 (0.66-0.84) <0.001 



91/5390(2,0} 73/5337 (1.5) 
522/5421 (10.2) 641/5383 (12.5) 



1.24 (0.91-1,69) 0.17 
0.80(0.71-0.89) <0.001 



0.02 

0.22 
0.006 



0,008 

0.64 
0,006 



* The rates of Thrombolysis in Myocardial Infarction (TIMI) major bleeding not related to coronary-artery bypass grafting (CABG) were calcu- 
lated as Kaplan-Meier estimates for patients who received at least one dose of the study drug and for end points occurring within 7 days af- 
ter the study drug was discontinued or occurring within a longer period if the end point was believed by the local investigator to be related 
to the use of the study drug. The rates of the other end points were calculated as Kaplan-Meier estimates in the intention-to-treat cohort 
TIA denotes transient ischemic attack, and Ml myocardial infarction. 

t P values for interaction were those for the interaction between the status of the risk factor and the hazard ratio for the end point 



ness to clopidogrel in patients with coronary artery 
disease who have undergone PCI. 6 " 11 The data 
from our trial, which was adequately powered to 
evaluate clinical events, show that, as compared 
with standard-dose clopidogrel therapy, a regimen 
that improves the inhibition of platelet aggrega- 
tion is associated with fewer ischemic events. This 
improvement in the rate of ischemic events as a 



result of greater platelet inhibition was not as- 
sured, given the absence of increased efficacy with 
higher doses of aspirin 31 and the higher rates of 
ischemic events seen with the addition of oral gly- 
coprotein Ilb/JIIa-receptor antagonists (potent in- 
hibitors of platelet aggregation) to aspirin. 32 

As a result of the intention to have all patients 
undergo PCI, our trial was largely a comparison of 
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prasugrel therapy and clopidogreJ therapy among 
patients treated with a thienopyridine at the time 
of the identification of coronary anatomy appro- 
priate for PCI, rather than a comparison of rou- 
tine pretreatment with either agent before diag- 
nostic cardiac catheterization. A strategy of 
cJopidogrel loading when coronary anatomy is 
known is now used by many cardiologists because 
of concern about surgical bleeding if a patient 
receives clopidogrel and then (because of a find- 
ing on coronary angiography) goes on to undergo 
CABG. 25 Pharmacodynamic data have shown that 
the degree of inhibition of platelet aggregation 
achieved with prasugrel within 30 minutes after 
treatment is similar to the peak effect of clopi- 
dogrel 6 hours after administration, suggesting 
that prolonged pretreatment may not be necessary 
for prasugrel to achieve its therapeutic effect. 13 The 
more rapid onset of an antiplatelet effect with 
prasugrel than with clopidogrel may have played 
an important role in the efficacy benefit, an asser- 
tion supported by the reduction in the rate of early 
myocardial infarction (before day 3) (Fig. IB), de- 
spite the lack of pretreatment However, when 
considering only end points occurring after day 3 
(Fig, 1C)> the time at which the use of each drug 
should have resulted in the steady-state inhibi- 
tion of platelet aggregation, the significant reduc- 
tion in the rate of ischemic end points persisted, 
suggesting a continued benefit of greater inhibi- 
tion of platelet aggregation during maintenance 
therapy. 

Partly because of data reporting an improved 
inhibition of platelet aggregation, 33 ' 34 many cli- 
nicians have adopted the use of a higher-than- 
standard loading dose of clopidogrel in patients 
with PCI, a practice endorsed by guideline com- 
mittees. 35 * 36 The clinical-efficacy data supporting 
the use of such higher-dose clopidogrel have been 
from small studies and have been inconsistent 37 - 3S 
The use of prasugrel (60 mg) has been shown to 
result in a greater inhibition of platelet aggrega- 
tion than the use of clopidogrel (600 mg) in pa- 
tients with chronic coronary artery disease. 15 The 
Prasugrel in Comparison to Clopidogrel for In- 
hibition of Platelet Activation and Aggregation 
(PRJNCIPLE)-TIMI 44 trial 16 showed a markedly 
superior inhibition of platelet aggregation, with 
regard to multiple measures of platelet function, 
in patients who had undergone elective PCI and 
who had received the regimen of prasugrel used 
in our study as compared with a higher-than-stan- 
dard dose regimen of clopidogrel (a 600-mg load- 



ing dose and a 150-mg maintenance dose) — 
though the PRINCIPLE-TIM! 44 trial was not 
powered to study clinical end points. 

In our study of a selected population with mod- 
erate-to-high-risk acute coronary syndromes, on 
average, for every 1000 patients treated with pra- 
sugrel as compared with clopidogrel at the doses 
studied, 23 myocardial infarctions were prevented, 
with an excess of six non-CABG -related TIMI ma- 
jor hemorrhages. The estimated number of pa- 
tients needed to be treated with prasugrel at the 
dosage studied, as compared with standard-dose 
clopidogrel, to prevent one primary efficacy end 
point during a 15-month period was 46. The num- 
ber of patients who would have to be treated to 
result in an excess non-CABG-related TIMI major 
hemorrhage was 167. 

Our data support the hypothesis that the great- 
er inhibition of adenosine diphosphate-induced 
platelet aggregation by means of the tested regi- 
men of prasugrel, a potent oral P2Y l2 inhibitor, is 
more effective at preventing ischemic events than 
is the inhibition conferred by a standard regimen 
of clopidogrel. However, this beneficial effect is 
accompanied by an increase in the rate of major 
bleeding. When considering the choice of anti- 
platelet regimens for the treatment of patients 
with acute coronary syndromes who are under- 
going PCI, clinicians need to weigh the benefits 
and risks of intensive inhibition of platelet aggre- 
gation. 
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APPENDIX 

The member* of the Operations and Steering Committees of the TRITON-TIMI 38 were as foilows (with principal investigators at 
pamcipatmg centers fisted separately, in the Supplementary Appendix): TTMI Study Group, Brigham and Women >s Hospital, Bosron: B 
Braunwald (study chair), B.M. Antman (principal investigator), S.D. Wiviott (investigator), CM. Gibson (investigator), C,H. McCabe 
(direcror), S-A. Murphy (lead biostatistician), J. Uurps (btostatisrician), S. McHale (project manager); Sponsors: EULiiUj — J. Riesmeyer 
).A. Ware, G, Weerakkody, W. Macias, E. Moscarelli, J. Groaning- Daikhi Sonkyo — J. Warmke. F, Plat, T. Bocanegra, J. Hanyuk C Hsu' 
Data Coordinating Center (Quintiles): K, Long, D. White, S. Boyle, Steering Committee: all members of the TIM( Study Group and 
sponsor staff listed above; France — G. Monralescor (coprincipal investigator), RG. Steg; Norway — L. Aaberge; Denmark— H.R. Ander- 
son: Italy — D. Ardisstno, 5, Dc Servi; Australia — P. Aylward; Chile — K Corbalan; South Ajriia — A. Dal by; Stout Republic — V. Fridrich- 
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Syvanne; Bcfeiiim — F. Van de Werf; taeNerh^rjrfs — R Verheugt; NcwZufeiKf — H. White; Oeeh JtyuMir — P. Widimsky; [Mrd Ki^to 
— R. Wilcox; Data Monitoring Committee: D.O. Williams (chair); D, DeMets (statistician); C. Bode, S. King, U. Sigwanr; Clinical Events 
Committee: B. Scirica (administrative chair), E. Away, C. Berger, S, Bernard, A. Desai, E. Gelfand, C. Ho, F, JafFcr, S Kathiresan D 
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A cohort of 422 patients undergoing isolated CABG in TRITON-TIMI 38 (PRASugrel n=208; CLOPidogrel 
n=214) was analyzed to characterize the outcomes of subjects related to timing of study drug withdrawal 
prior to CABG. Patients who never received study drug (N=56) or who received open label thienopyridine 
(N=20) treatment prior to CABG were excluded. A significantly lower mortality was observed in the PRAS 
cohort, see Figure L Overall all-cause mortality was 231% in the PRAS cohort compared to 8.67% in the 
CLOP cohort, with a hazard ratio of 0.26 (Log-rank p=0.016). Mortality was similar (3/16 PRAS, 3/14 
CLOP) when CABG was performed before study drug was discontinued, but lower when study drug was 
discontinued for 1 or more days (1/156 PRAS vs 12/158 CLOP). There were no deaths (0/72) in PRAS 
patients having CABG with 1 to 5 days of drug withdrawal and 6 deaths in CLOP patients having CABG 
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(6/85), The mortality risk at 30-days adjusted for possible imbalances at CABG baseline when analyzed by 
logistic regression per EURO scoring (p=0.024) remained statistically significant. There was significantly 
higher mean 12 hr chest tube loss (655 ±580 ml vs. 503±_378 ml; Kruskal-Wallis p==0.050) and platelet 
transfusion (17.96% vs. 9.82%; Pearson T s chi-squares p=. 033) with PRAS. However, there were no clinically 
important differences in packed red cell transfusion units (mean 2.08±3.00 PRAS vs. 1.71±2.23 CLOP; 
Kruskal-Wallis p=0.442) or total donor exposure units (4.43±7.58 PRAS vs. 3.00±4.54 CLOP; Kruskal- 
Wallis p=0.463). Despite this increase in observed bleeding, PRAS was associated with a lower rate of death 
in patients undergoing CABG. 




Number at Risk Days from CABG 

PRAS 173 165 149 125 89 55 15 

CLOP m 153 143 124 92 51 9 



CLOP — - PRAS 
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Clopidogrel and Aspirin versus Aspirin Alone 
for the Prevention of Atherothrombotic Events 
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ABSTRACT 

BACKGROUND 

Dual antiplatelet therapy with clopidogrel plus low-dose aspirin has not been stud- 
ied in a broad population of patients at high risk for atherothrombotic events. 

METHODS 

We randomly assigned 15,603 patients with either clinically evident cardiovascular 
disease or multiple risk factors to receive clopidogrel (75 mg per day) plus low-dose 
aspirin (75 to 162 mg per day) or placebo plus low-dose aspirin and followed them 
for a median of 28 months. The primary efficacy end point was a composite of 
myocardial infarction, stroke, or death from cardiovascular causes, 

results 

The rate of the primary efficacy end point was 6.8 percent with clopidogrel plus aspi- 
rin and 7.3 percent with placebo plus aspirin (relative risk, 0.93; 95 percent confidence 
interval, 0.83 to 1.05; P-0.22). The respective rate of the principal secondary efficacy 
end point, which included hospitalizations for ischemic events, was 16.7 percent and 
17.9 percent (relative risk, 0.92; 95 percent confidence interval, 0.86 to 0.995; P=0.04), 
and the rate of severe bleeding was 1.7 percent and 1.3 percent (relative risk, 1.25; 95 
percent confidence interval, 0.97 to 1.61 percent; P = 0.09). The rate of the primary end 
point among patients with multiple risk factors was 6.6 percent with clopidogrel and 
5.5 percent with placebo (relative risk, 1.2; 95 percent confidence interval, 0.91 to 
1.59; P=0.20) and the rate of death from cardiovascular causes also was higher with 
clopidogrel (3.9 percent vs. 2,2 percent, P=0.01). In the subgroup with clinically evi- 
dent atherothrombosis, the rate was 6,9 percent with clopidogrel and 7.9 percent with 
placebo (relative risk, 0,88; 95 percent confidence interval, 0.77 to 0.998; P=0,046). 

CONCLUSIONS 

In this trial, there was a suggestion of benefit with clopidogrel treatment in patients 
with symptomatic atherothrombosis and a suggestion of harm in patients with mul- 
tiple risk factors. Overall, clopidogrel plus aspirin was not significantly more effective 
than aspirin alone in reducing the rate of myocardial infarction, stroke, or death from 
cardiovascular causes. (ClinicalTrials.gov number, NCT00050817.) 
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DUAL ANTIPLATELET THERAPY IN HIGH-RISK PATIENTS 



A THEROSCLEROTIC VASCULAR DISEASE 

i\ has a propensity to engender arterial throm- 
JL JLbosis, a sequence that has been character- 
ized as an "atherothrombotic" process. 1 * 2 Collec- 
tively, atherothrombotic disorders of the coronary, 
cerebrovascular, and peripheral arterial circula- 
tion are the leading cause of death and disability 
in the world. 3 Their prevalence is increasing; they 
are significantly undertreated, and better means 
of prevention are needed. 4 

Platelets have been shown to play a central 
role in the pathogenesis of atherothrombosis. 1,z 
Low-dose aspirin has been shown to reduce ische- 
mic outcomes in patients above a certain risk 
threshold. 5 However, aspirin alone in many in- 
stances is not sufficient to prevent ischemic events 
in patients at high risk. Furthermore, aspirin in- 
hibits only the cyclooxygenase pathway, leaving 
the adenosine diphosphate P2Y 12 receptor unafc 
fected. Dual antiplatelet therapy with clopidogrel 
(Plavix, Sanofi-Aventis), a P2Y 12 -receptor antago- 
nist, plus aspirin has been shown to reduce is- 
chemic events in patients with unstable angina, 
myocardial infarction without ST-segment eleva- 
tion, or myocardial infarction with ST-segment 
elevation, as well as those undergoing angioplasty 
and stenting. 6 " 9 

Accordingly, we tested the hypothesis that long- 
term treatment with a combination of clopidogrel 
plus aspirin may provide greater protection against 
cardiovascular events than aspirin alone in a broad 
population of patients at high risk. 



METHODS 



TRIAL DESIGN 

The Clopidogrel for High Atherothrombotic Risk 
and Ischemic Stabilization, Management, and 
Avoidance (CHARISMA) trial was a prospective, 
multicenter, randomized, double-blind, placebo- 
controlled study of the efficacy and safety of 
clopidogrel plus aspirin as compared with aspi- 
rin alone in patients at high risk for a cardiovas- 
cular event. The details of the trial design have 
been published previously, 10 The trial was approved 
by the institutional ethics committee of each par- 
ticipating institution as well as the appropriate 
national ethics committees. 

The trial was designed by Dr. Topol, who was 
responsible for obtaining funding and executing 
the trial, and it was planned and conducted by the 
executive committee, with extensive review of the 
data for its interpretation. The trial was managed 



by the Cleveland Clinic Cardiovascular Coordinat- 
ing Center and by the national coordinators in 
each country in which patients were enrolled. Data 
collection and entry were performed by the spon- 
sor and cosponsor. The locked, cleaned database 
was transferred to the Cleveland Clinic Cardiovas- 
cular Coordinating Center, where data analysis 
was performed. Dr. Bhatt prepared the first draft 
of the manuscript, and the executive committee 
helped to revise it. Dr. Topol had full access to 
an independent database for any query regarding 
the analyses and assumes responsibility for the 
integrity of the data. 

Funding for the CHARISMA trial was pro- 
vided by Sanofi-Aventis and Bristol-Myers Squibb. 
The sponsor and cosponsor had advisory input 
in the design of the study, had nonvoting input 
in the executive committee, and were responsible 
for auditing at individual study sites. The execu- 
tive committee bears complete responsibility for 
the analysis of the results, the veracity and com- 
pleteness of the reporting, and the writing of the 
manuscript; the sponsors did have the opportu- 
nity to review the manuscript. 

PATIENTS 

Patients were eligible to enroll in the trial if they 
were 45 years of age or older and had one of the 
following conditions: multiple atherothrombotic 
risk factors, documented coronary disease, docu- 
mented cerebrovascular disease, or documented 
symptomatic peripheral arterial disease. The in- 
clusion criteria for those with multiple risk fac- 
tors and for those with established vascular dis- 
ease are shown in Table 1. 

Patients were excluded from the trial if they 
were taking oral antithrombotic medications or 
nonsteroidal antiinflammatory drugs on a long- 
term basis (although cyclooxygenase-2 inhibitors 
were permitted). Patients were also excluded if, 
in the judgment of the investigator, they had es- 
tablished indications for clopidogrel therapy (such 
as a recent acute coronary syndrome). Patients who 
were scheduled to undergo a revascularization 
were not allowed to enroll until the procedure 
had been completed; such patients were excluded 
if they were considered to require clopidogrel a£ 
ter revascularization. 

TRIAL PROCEDURES 

After providing written informed consent, pa- 
tients were randomly assigned either to clopido- 
grel (75 mg per day) plus low-dose aspirin (75 to 
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Table X. Inclusion Criteria for Patients with Multiple Atherothrombotic Risk Factors and for Those with Established 
Cardiovascular Disease. 


ratienis ana criteria 


Clopidogrel 
plus Aspirin 


Placebo 
plus Aspirin 




no. of patients {%) 


Patients with multiple atnerothrombottc risk factors* 


1659 


1625 


Mqi/it rick tti rtArr 

rviajor nsK factors 


1535 (92.5) 


1490 (91.7) 


Type 1 or 2 diabetes (with drug therapy) 


1360 (82.0) 


1295 (79.7) 


Diabetic nephropathy 


716 (43.2) 


687 (42.3) 


Ankle— brachial index <0.9 


94 (5.7) 


92 (5.7) 


Asymptomatic carotid stenosis ^70% of luminal diameter 


123 (7.4) 


132 (8.1) 


si Carotid plaque, as evidenced by intima— media thickness 


198 (11.9) 


213 (13,1) 


Minor risk factors 


1474 (88.8 ) 


1454 (89.5) 


Systolic blood pressure mm Hg, despfte therapy for at least 3 mo 


809 (48,8) 


744 (45.8) 


Primary hypercholesterolemia 


993 (59.9) 


1030 (63.4) 


Current smoking >15 cigarettes/day 


284 (17,1) 


271 (16,7) 


Male sex and age £65 yr or female sex and age a70 yr 


841 f 50 7\ 


853 (52 51 


Patients with established cardiovascular disease"!" 


6062 


6091 


Documented coronary disease 


2892 (47.7) 


2943 (48.3) 


Angina with documented multivessel coronary disease 


888 (14,6) 


885 (14,5) 


History of multivessel percutaneous coronary intervention 


398 (6.6) 


434 (7.1) 


History of multivessel coronary-artery bypass grafting 


736 (12.1) 


733 (12.0) 


Myocardial infarction 


1903 (31.4) 


1943 (31.9) 


Documented cerebrovascular disease 


2157 (35.6) 


2163 (35.5) 


Transient ischemic attack during previous 5 yr 


617 (10.2) 


616 (10.1) 


ischemic stroke during previous 5 yr 


1634 (27.0) 


1611 (26.4) 


Documented symptomatic peripheral arterial disease 


1418 (23.4) 


1420 (23.3) 


Current intermittent claudication and ankle-brachial index sO.85 


885 (14.6) 


892 (14.6) 


History of intermittent claudication and previous intervention 
(e.g„ amputation, peripheral bypass, or angioplasty) 


835 (13.8) 


801 (13.2) 



* Data on the other 166 patients enrolled but not categorized were not adequately differentiated on the basis of medical 
records. To meet the criterion for enrollment on the basis of multiple risk factors, patients were required to have two 
major or three minor or one major and two minor atherothrombotic risk factors. 

| To meet the criterion for enrollment on the basis of established cardiovascular disease, patients were required to have 
one of the listed conditions. 



162 mg per day) or to placebo plus low-dose aspi- 
rin. Study-drug assignment was performed central- 
ly by an interactive voice-response system on the 
basis of a preestablished randomization scheme, 
stratified according to site. All patients also re- 
ceived standard therapy as appropriate (e.g., statins 
or beta-blockers) at the discretion of the investi- 
gator and other responsible clinicians. The use of 
appropriate background therapy was emphasized 
to the investigators, who were provided with in- 
ternational guidelines. 

Follow-up evaluations were performed at one 



month, three months, and six months and every 
six months thereafter until the end of the trial. At 
these visits, patients' compliance was assessed, 
standard medication was adjusted as appropriate, 
and all interventions, outcome events, and adverse 
events were recorded. According to the power cal- 
culations described below and the event-driven 
design of the trial, all patients were followed un- 
til a common study end date based on the pre- 
specified target of 1040 primary efficacy end 
points was reached. 
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END POINTS 

All primary trial end points were adjudicated by 
the clinical events committee, whose members 
were unaware of patients' treatment assignments. 
The primary efficacy end point was the first oc- 
currence of myocardial infarction, stroke (of any 
cause), or death from cardiovascular causes (in- 
cluding hemorrhage). The principal secondary ef- 
ficacy end point was the first occurrence of myo- 
cardial infarction, stroke, death from cardiovascular 
causes, or hospitalization for unstable angina, a 
transient ischemic attack, or a revascularization 
procedure (coronary, cerebral, or peripheral). Oth- 
er efficacy end points included death from any 
cause and death from cardiovascular causes as well 
as myocardial infarction, ischemic stroke, any 
stroke, and hospitalization for unstable angina, 
transient ischemic attack, or revascularization, con- 
sidered separately. 

The primary safety end point was severe bleed- 
ing, according to the Global Utilization of Strep- 
tokinase and Tissue Plasminogen Activator for 
Occluded Coronary Arteries (GUSTO) definition, 
which includes fatal bleeding and intracranial 
hemorrhage, or bleeding that caused hemody- 
namic compromise requiring blood or fluid re- 
placement, inotropic support, or surgical interven- 
tion. 11 Moderate bleeding according to the GUSTO 
criteria (bleeding that led to transfusion but did 
not meet the criteria for severe bleeding) was also 
examined, as were fatal bleeding and primary in- 
tracranial hemorrhage. 

Analyses of the primary end point were also 
performed in several prospectively defined sub- 
groups. The subgroups included symptomatic pa- 
tients (defined as patients enrolled on the basis of 
established cardiovascular disease) as compared 
with asymptomatic patients (those enrolled on 
the basis of multiple atherothrombotic risk fac- 
tors), as well as patients with and those without 
a history of diabetes, hypertension, hypercholes- 
terolemia, peripheral arterial disease, prior car- 
diac or vascular surgery, prior myocardial infarc- 
tion, prior stroke, prior transient ischemic attack, 
or prior use of other antiplatelet agents, angio- 
tensin-converting-enzyme (ACE) inhibitors (over- 
all and ramipril vs. other ACE inhibitors), statins 
(overall and atorvastatin, simvastatin, and prava- 
statin), beta-blockers, calcium antagonists, antidia- 
betic agents, angiotensin II-receptor blockers, cy- 
clooxygenase-2 inhibitors, and anticoagulants. 



STATISTICAL ANALYSIS 

We estimated that 15,200 patients (7600 per group) 
and 1040 primary events would be necessary to 
detect a 20 percent relative risk reduction in the 
primary efficacy end point, with 90 percent pow- 
er at the two-sided 0,05 significance level in this 
event-driven trial, assuming an annual event rate 
of 3.1 percent in the control group and 18 to 42 
months of follow-up. The primary efficacy out- 
come was monitored with use of a Peto-Haybittle 
type of stopping rule based on the P value of the 
log-rank test. Two preplanned interim analyses 
were conducted by a statistician associated with 
the independent data and safety monitoring board. 
A two-sided type I error of 0.001 was used at each 
analysis. A type I error of 0.049 was preserved for 
the final analysis. 

Data were analyzed on an intention-to-treat 
basis, with the inclusion of all patients according 
to their randomly assigned treatment group and 
the inclusion of outcomes occurring from random- 
ization to a common study end date (August 29, 
2005). The time to the first occurrence of any 
event in the composite cluster was used for analy- 
sis, Data on patients who did not reach the pri- 
mary end point by the study end date were cen- 
sored on the date of the patients' last assessment 
visit. Death from noncardiovascular causes was 
treated as a competing event, and follow-up was 
censored on the date of death. 

The primary efficacy of clopidogrel as com- 
pared with placebo was assessed with the use of 
a two-sided log-rank test. The treatment effect as 
measured by the hazard ratio (the relative risk) 
and its associated 95 percent confidence interval 
was estimated with the use of the Cox propor- 
tional-hazards model. Cumulative incidence event 
curves were also calculated. Statistical compari- 
sons of the primary safety-event rates in the two 
treatment groups were performed with Pearson's 
chi-square test. No adjustments for multiple com- 
parisons were made. All analyses were performed 
with SAS software (version 8.0, SAS Institute), 



RESULTS 



CHARACTERISTICS OF THE PATIENTS 

A total of 15,603 patients from 32 countries and 
768 sites were enrolled between October 1, 2002, 
and November 14, 2003, in the CHARISMA trial. 
Of these patients, 7802 were assigned to receive 
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Table 2. Baseline Characteristics. 



Characteristic 


Clopidogrel 
plus Aspirin 
(N=7802) 


Placebo 
plus Aspirin 
(N=780I) 
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Mvnprfpn ^ inn nn 


J/J.? 




Hypercholesterolemia - — no. {%) 


574S (73.7) 


5787 (74.2) 


Congestive heart failure — no. {%) 


469 (6.0) 


457 (5.9) 


Prior myocardial infarction — no. [%) 


2672 (34.2) 


2725 (34.9) 


Atrial fibrillation — no. {%) 


298 (3.8) 


285 (3.7) 


Prior stroke — no. (%) 


1942 (24.9) 


1895 (24.3) 


Prior transient ischemic attack — no. {%) 


93S (12 01 


926 (11.9) 


Diabetes — no. {%) 


3304 (42.3) 


3252 (41.7) 


Peripheral arterial disease — no. (%) 


1760 (22.6) 


1771 (22.7) 


Prior percutaneous coronary intervention 
— no. {%] 


1750 (22.4) 


1S04 (23.1) 


Prior coronary-artery bypass grafting — 
no. (96) 


1525 (19.5) 


1554 (19.9) 


Prior carotid endarterectomy 


420 (5,4) 


405 (5,2) 


Prior peripheral angioplasty or bypass — 
no. (96) 


879 (11.3) 


858 (11.0) 


Diabetic nephropathy — no. {%) 


1006 (12.9) 


1003 (12.9) 



* Race or ethnic group was self-reported. 



clopidogrel plus aspirin and 7801 were assigned 
to receive placebo plus aspirin. Treatment was per- 
manently discontinued by 20.4 percent of the pa- 
tients in the clopidogrel group, as compared with 
18,2 percent in the placebo group (P<0.001). A 



total of 4,8 percent of the patients in the clopido- 
grel group and 4.9 percent of those in the placebo 
group discontinued treatment because of an ad- 
verse event (P=0.67), 

The baseline characteristics of the patients in 
the trial have been described previously, 12 and se- 
lected features are listed in Table 2. The median 
age was 64 years; 29.8 percent of the patients were 
women. More than three quarters of the partici- 
pants had established cardiovascular disease, as 
defined by the enrollment criteria, and most of 
the remaining patients had multiple atherothronv 
botic risk factors. On retrospective review of the 
enrollment information, 166 patients did not fall 
into either of these categories but were still con- 
sidered in the broad population analysis. 

Medications taken by the patients are shown 
in Table 3; these figures indicate the maximal 
frequency of use of each agent at any time dur- 
ing the trial (with use assessed at baseline and 
at every follow-up visit). Almost all the patients 
(aside from those who died or dropped out) took 
aspirin and the study drug, and 10.2 percent also 
took open-label clopidogrel. Three quarters took 
a statin, and more than half took a beta-blocker. 
Nearly two thirds took an ACE inhibitor, and a 
quarter took angiotensin II-receptor blocking 
agents. 

EFFICACY END POINTS 

Follow-up with respect to the primary efficacy end 
point (the first occurrence of myocardial infarc- 
tion, stroke, or death from cardiovascular causes) 
was complete in 99.5 percent of the patients ran- 
domly assigned to receive clopidogrel and aspirin 
and 99.6 percent of those randomly assigned to 
receive placebo and aspirin. The efficacy results 
are shown in Table 4. With a median of 28 months 
of follow-up, the rate of the primary event was 
6.8 percent in the clopidogrel group and 7.3 per- 
cent in the placebo group (relative risk, 0.93; 95 
percent confidence interval, 0.83 to 1,05; P= 0.22) 
(Fig. 1A). The rate of the principal secondary ef- 
ficacy end point (the first occurrence of myocar- 
dial infarction, stroke, death from cardiovascular 
causes, or hospitalization for unstable angina, tran- 
sient ischemic attack, or a revascularization pro- 
cedure) was 16.7 percent in the clopidogrel group, 
as compared with 17.9 percent in the placebo group 
(relative risk, 0.92; 95 percent confidence interval, 
0,86 to 0,995; P=0.04) {Fig. IB). 
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SAFETY END POINTS 

The rate of the primary safety end point (severe 
bleeding according to the GUSTO definition) was 
1.7 percent in the clopidogrel group and 1.3 per- 
cent in the placebo group (relative risk, 1.25; 95 
percent confidence interval, 0.97 to 1.61; P= 0,09), 
The rate of moderate bleeding was 2.1 percent in 
the clopidogrel group, as compared with 1.3 per- 
cent in the placebo group (relative risk, 1,62; 95 
percent confidence interval, 1,27 to 2,08; P<0,001). 
The rate of intracranial hemorrhage was similar 
in the two treatment groups (Table 4). 

There was one documented nonfatal case of 
thrombotic thrombocytopenic purpura among the 
clopidogrel-treated patients; this patient died one 
month later from end-stage chronic obstructive 
pulmonary disease. No other serious adverse events 
were reported, 

SUBGROUP ANALYSES 

Several prespecified subgroup analyses classified 
patients according to their criteria for enrollment 
(Fig, 2), Patients who were enrolled because they 
had documented cardiovascular disease were des- 
ignated ''symptomatic," whereas those who were 
enrolled because they had multiple atherothrom- 
botic risk factors without documented cardiovas- 
cular disease were designated "asymptomatic." 
(Some of the latter patients had a reported his- 
tory of cardiovascular events, including 10,4 per- 
cent with a prior myocardial infarction, 5,8 per- 
cent with a prior stroke, 5.2 percent with a prior 
transient ischemic attack, 7.7 percent who had 
undergone a percutaneous coronary intervention, 
and 9.8 percent who had undergone coronary- 
artery bypass grafting, although they did not meet 
the inclusion criteria for established cardiovascu- 
lar disease as outlined in Table 1.) 

Among the 3284 asymptomatic patients, there 
was a 20 percent relative increase in the rate of 
primary events with clopidogrel (6.6 percent, vs, 
5,5 percent with placebo; P=0.20), whereas among 
the 12,153 symptomatic patients, there was a mar- 
ginally significant reduction in the primary end 
point with clopidogrel (6.9 percent, vs. 7.9 percent 
with placebo; relative risk, 0.88; 95 percent con- 
fidence interval, 0.77 to 0.998; P=0.046). The in- 
teraction term for this analysis, when the differ- 
ential treatment response in asymptomatic and 
symptomatic patients was examined, was margin- 
ally significant (P= 0.045). 

In the subgroup of asymptomatic patients, there 



Table 3. Concomitant Medications.* 


Medication 


Clopidogrel 
plus Aspirin 
(N=7802) 


Placebo 
plus Aspirin 
(N=7S01) 




no, of patients (%) 


Aspirin 


7775 (99.7) 


7777 (99.7) 


Study drug 


7750 (99.3) 


7760 (99.5) 


Open-label clopidogrel 


773 (9.9) 


814 (10.4) 


u\ u r e lies 


3757 (48.2) 


3671 (47.1) 


in urates 


1812 (23.2) 


1877 (24.1) 


Calcium antagonists 


2866 (36.7) 


2879 (36.9) 


B eta-blockers 


4292 (55.0) 


4344 (55.7) 


Angiotensin ll-receptor blockers 


1990 (25.5) 


2020 (25.9) 


i\amipi II 


1387 (17.8) 


1424 (18.3) 


Other an gioten 5 in-converting— enzyme 
inhibitors 


3607 (46,2) 


3612 (46.3) 


Other antihypertensive agents 


966 (12.4) 


968 (12.4) 


Statins 


5991 (76.8) 


6001 (76.9) 


Atorvastatin 


2777 (35.6) 


2808 (36.0) 


Simvastatin 


2672 (34.2) 


2695 (34.5) 


Pravastatin 


976 (12.5) 


953 (12.2) 


Fluvastatin 


260 (3.3) 


234 (3,0) 


Lovastatin 


273 (3.5) 


283 (3.6) 


Other statins 


474 (6.1) 


458 (5.9) 


Other llpid-lowerlng agents 


1114 (14.3) 


1094 (14.0) 


Fib rates 


678 (S.7) 


654 (8.4) 


Binding resins 


338 (4,3) 


313 (4.0) 


Nicotinic acid 


277 (3.6) 


262 (3.4) 


Antidiabetic medications 


3259 (41.8) 


3237 (41.5) 


Insulin 


1360 (17.4) 


1334 (17.1) 


Thiazolidinediones 


624 (8.0) 


634 (8.1) 


Other oral hypoglycemic agents 


2677 (34.3) 


2678 (34.3) 



■ These values indicate the maximal frequency of use of each agent at any time 
during the trial (assessed at baseline and at every follow-up visit). 



was a significant increase in the rate of death 
from all causes among the patients assigned to 
clopidogrel plus aspirin as compared with those 
assigned to placebo plus aspirin (5.4 percent vs. 
3.8 percent, P=0.04) as well as an increase in the 
rate of death from cardiovascular causes among 
those assigned to clopidogrel (3.9 percent vs, 2.2 
percent, respectively; P=0.01). In contrast, clopido- 
grel had no significant effect on death from car- 
diovascular causes in the symptomatic subgroup. 

The rates of GUSTO-defined severe bleeding 
among the asymptomatic patients were 2.0 percent 
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Table 4, Composite and Individual Primary and Secondary End Points. 


End Point 


Clopidogrel 
plus Aspirin 
(N=7802) 


Placebo 
plus Aspirin 
(N=7801) 


Relative Risk 
(95% CI)* 


P Value 




no. {%) 






Efficacy end points 










Primary efficacy end point 


□ 34 [a. a) 


573 (7.3) 


0.93 (0.83-1.05) 


0.22 


Death from any cause 


3/1 (4, is) 


i/4 (4.8) 


0.99 (0,86-1,14) 


0.90 


Death from cardiovascular causes 


23S (3.1) 


229 (2.9) 


1.04 (0.87-1.25) 


0.68 


Myocardial infarction (nonfatal) 


146 (1.9) 


155 (2.0) 


0.94 (0.75-1.18) 


0.59 


Ischemic stroke (nonfatal) 


132 (1,7) 


163 (2.1) 


0,81 (0.64-1,02) 


0,07 


Stroke (nonfatal) 


150 (1.9) 


1S9 (2.4) 


0.79 (0.64-0.98) 


0.03 


Secondary efficacy end pointf 


1301 (16.7) 


1395 (17.9) 


0.92 (0.86-0.995) 


0.04 


Hospitalization for unstable angina, transient 
ischemic attack, or revascularization 


866 (11.1) 


957 (12.3) 


0.90 (0.82-0.98) 


0,02 


Safety end points 










Severe bleeding 


130 (1.7) 


104 (1.3) 


1.25 (0.97-1.61) 


0.09 


Fatal bleeding 


26 (0.3) 


17 (0.2) 


1,53 (0.83-2.82) 


0.17 


Primary intracranial hemorrhage 


26 (0.3) 


27 (0.3) 


0.96 (0.56-1.65) 


0.89 


Moderate bleeding 


164 (2.1) 


101 (1.3) 


1.62 (1.27-2.08) 


<0.001 



* Ci denotes confidence interval. 

■j"The secondary efficacy end point was the first occurrence of myocardial infarction, stroke, death from cardiovascular 
causes, or hospitalization for unstable angina, a transient ischemic attack, or a revascularization procedure (coronary, 
cerebral, or peripheral). 



with clopidogrel and 1.2 percent with placebo 
(P=0.07); the corresponding rates among the 
symptomatic patients were 1.6 percent and 1.4 
percent (P=0.39). Although both these differenc- 
es favored the placebo group, neither was signifi- 
cant. The rates of GUSTO-defined moderate bleed- 
ing among asymptomatic patients were increased 
(2.2 percent with clopidogrel and 1.4 percent with 
placebo, P=0.08), as were the rates of moderate 
bleeding among symptomatic patients (2.1 percent 
and 1.3 percent, respectively; P<0.001). Again, both 
differences favored the placebo group, but this 
difference was significant only among the symp- 
tomatic patients. 



DISCUSSION 



In this trial of patients with established athero- 
thrombotk disease or at high risk for such dis- 
ease, there was no significant benefit associated 
with clopidogrel plus aspirin as compared with 
placebo plus aspirin in reducing the incidence of 
the primary end point of myocardial infarction, 



stroke, or death from cardiovascular causes. There 
was a moderate, though significant, benefit in re- 
ducing the secondary composite end point of myo- 
cardial infarction, stroke, death from cardiovascu- 
lar causes, or hospitalization for unstable angina, 
transient ischemic attack, or revascularization. 

The rate of severe bleeding was not signifi- 
cantly greater with clopidogrel than with place- 
bo, but a trend prompting concern was noted, 
and clopidogrel was associated with a significant 
increase in the rate of moderate bleeding. A total 
of 94 ischemic (secondary) end points were pre- 
vented with clopidogrel, at a cost of 93 moderate 
or severe bleeding events. 

The patients in our trial received evidence-based 
pharmacologic treatment, with frequent use of 
concomitant statins, ACE inhibitors, and other 
background medical therapy. The incidence of the 
primary end point with such therapy, as predict- 
ed, was approximately 3 percent per year. 

In the original, large-scale Clopidogrel versus 
Aspirin in Patients at Risk of Ischaemic Events 
(CAPRJE) trial, 13 clopidogrel alone was found to 
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be superior to aspirin alone in reducing the risk 
of ischemic stroke, myocardial infarction, or death 
from vascular causes. However, there was debate 
as to whether P2Y 12 -receptor blockade provided 
uniform benefit. Since CAPRJE, four large clini- 
cal trials have added to the body of evidence that 
supports the use of dual antiplatelet therapy in 
patients with acute coronary syndromes and in 
those undergoing percutaneous coronary inter- 
vention,* 5 ' 9 CHARISMA represented the logical next 
step of evaluation of the potential role of this 
approach in a broad population of patients with 
established vascular disease or multiple cardio- 
vascular risk factors. 

A subgroup analysis suggested that clopido* 
grel was beneficial with respect to the primary 
efficacy end point in patients who were classified 
as symptomatic for the purposes of the trial (i.e., 
who were enrolled because of a documented his- 
tory of established vascular disease). However, the 
P value for this association and the P value for 
the interaction between enrollment status and 
therapy were only marginally significant, sug- 
gesting that this observation should be interpreted 
with caution, especially since this subgroup anal- 
ysis was only one of several such analyses per- 
formed. Furthermore, the risk of moderate or se- 
vere bleeding in symptomatic patients was greater 
with clopidogrel than with placebo, although there 
was no significant increase in intracranial or fatal 
bleeding. Finally, as a practical matter, it is unclear 
how such a classification could be implemented 
clinically, since some patients in the asymptomatic 
subgroup actually had a history of symptoms or 
cardiovascular events. The issue of whether dual 
antiplatelet therapy is beneficial in more specific 
subgroups of the population of patients with ath- 
erothrombotic disease or risk will require further 
study. 

On the other hand, the risk associated with 
dual antiplatelet therapy in the asymptomatic 
group was not anticipated. The excess fatalities 
in this subgroup and the heightened risk of bleed- 
ing complications suggest that we should be cau- 
tious about too quickly dismissing this unexpected 
finding as the play of chance. It is possible that 
established vascular disease represents a crude 
proxy for hyperactive platelets. If this concept is 
accepted, dual antiplatelet therapy would be anti- 
cipated to be associated with greater efficacy and 
a lower rate of bleeding in the subgroup of symp- 
tomatic patients. However, reduced basal platelet 
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Figure 1, Cumulative Incidence of the Primary End Point (Panel A) 
and of the Secondary End Point (Panel B). 

Panel A shows cumulative incidence curves for the primary end point of 
myocardial infarction, stroke, or death from cardiovascular causes. Cumu- 
lative incidence curves are displayed only up to 30 months because the un- 
certainty of the estimates beyond this point becomes quite large. The num- 
ber of patients followed after 30 months decreases rapidly to zero, and only 
21 primary efficacy events occurred after this time (13 in the clopidogrel 
group and 8 in the placebo group). Panel B shows cumulative incidence 
curves for the secondary end point, which included hospitalizations. 



activity in asymptomatic patients would be ex- 
pected to be a liability, increasing the risk of bleed- 
ing complications, including possible hemorrhage 
into an arterial plaque. Whatever the explanation, 
it appears that until proven otherwise, clinicians 
should avoid dual antiplatelet therapy in patients 
without established vascular disease. 

Recent studies of the genomics of myocardial 
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Group 



Hazard Ratio for ME, Stroke, or Death 
from Cardiovascular Causes 



Age 

<75yr 

a 75 yr 
Sex 

Fern ate 

Male 
Diabetes 

Yes 

No 
Smoking 

Yes 

No 

Body-mass index 

Norma! (£25) 

Overweight (25 to <30) 

Obese {s30) 
Hypertension 

Yes 

No 

Hypercholesterolemia 
Yes 
No 

History of CASG 
Yes 
No 

History of PCI 
Yes 
No 

History of Mt 
Yes 
No 

History of stroke 
Yes - 
No 

Inclusion group 

Asymptomatic 

Symptomatic 
All patients —overall cohort 0.93 (0.S3-LO5) 



0.5 



1.0 



1.5 



Clopidogrel 



Placebo 



Figure 2. Hazard Ratios for Myocardial Infarction (Ml), Stroke, or Death 
from Cardiovascular Causes in Each of the Subgroups Examined. 
Hazard ratios are shown with their 95 percent confidence intervals. The 
sizes of the symbols are roughly proportional to the number of patients 
in the analysis. Body-mass index is the weight in kilograms divided by the 
square of the height in meters. CABG denotes coronary-artery bypass graft- 
ing, and PCI percutaneous coronary intervention. 



infarction and atherosclerosis have revealed a 
marked difference among persons in the biologic 
basis of disease susceptibility. Whereas multiple 
genes have been demonstrated to confer suscep- 
tibility to heart attack, little has been reported on 
the molecular determinants of atherosclerosis in 



humans. 14 Atherosclerosis is far more common 
than are vascular events such as sudden death, 
heart attack, and stroke, which occur in a rela- 
tively small subgroup of patients. One hypothesis 
that could be consistent with a benefit of dual 
antiplatelet therapy in symptomatic patients {those 
with established vascular disease) is that this 
group has already shown a predisposition to arte- 
rial plaque rupture, fissure, or erosion. That dual 
antiplatelet therapy is best used in patients who 
are most liable to have such arterial injury appears 
to be a worthy hypothesis for prospective evalu- 
ation. 

In summary, the combination of clopidogrel 
plus aspirin was not significantly more effective 
than aspirin alone in reducing the rate of myo- 
cardial infarction, stroke, or death from cardio- 
vascular causes among patients with stable car- 
diovascular disease or multiple cardiovascular 
risk factors. Furthermore, the risk of moderate-to- 
severe bleeding was increased. Our findings do 
not support the use of dual antiplatelet therapy 
across the broad population tested. There was a 
potential benefit in symptomatic patients (those 
with established vascular disease); this finding re- 
quires further study. Data on mortality rates sug- 
gest that dual antiplatelet therapy should not be 
used in patients without a history of established 
vascular disease. 
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Coronary Heart Disease 



Randomized Comparison of Prasugrel (CS-747, LY640315), 

a Novel Thienopyridine P2Y 12 Antagonist, With Clopidogrel 

in Percutaneous Coronary Intervention 

Results of the Joint Utilization of Medications to Block Platelets Optimally 

(JUMBO)-TIMI 26 Trial 

Stephen D, Wiviott, MD; Elliott M. Antman, MD; Kenneth J. Winters, MD; 
Govinda Weerakkody, PhD; Sabina A, Murphy, MS; Bruce D. Behounek, MD; Robert J. Carney, MD; 
Charles Lazzam, MD; Raymond G. McKay, MD; Carolyn H. McCabe, BS; Eugene Braunwald, MD; 

for the JUMBO-TIMI 26 Investigators 

Background—Despite the current standard antiplatelet regimen of aspirin and clopidogrel (with or without glycoprotein 
lib/Ilia inhibitors) in percutaneous coronary intervention patients, periprocedural and postprocedure! ischemic events 
continue to occur. Prasugrel (CS-747, LY640315). a novel potent thienopyridine P2Y f2 receptor antagonist, has the 
potential to achieve higher levels of inhibition of ADP-induced platelet aggregation than currently approved doses of 
clopidogrel. 

Methods and Results— Joint Utilization of Medications to Block Platelets Optrmally-Thrombolysis In Myocardial 
Infarction 26 (JUMBO-TIMr 26) was a phase 2, randomized, dose-ranging, double-blind safety trial of prasugrel versus 
clopidogrel in 904 patients undergoing elective or urgent percutaneous coronary intervention. Patients were randomized 
to either standard dosing with clopidogrel or I of 3 prasugrel regimens. Subjects were monitored for 30 days for bleeding 
and clinical events. The primary end point of the trial was clinically significant (TIMI major plus minor) 
non-CABG^related bleeding events in prasugrel- versus clopidogre [-treated patients. Hemorrhagic complications were 
infrequent, with no significant difference between patients treated with prasugrel or clopidogrel in the rate of significant 
bleeding (1/7% versus 1,2%; hazard ratio, 1.42; 95% CI, 0.40, 5.08). In prasugrel-treated patients, there were 
numerically lower incidences of the primary efficacy composite end point (30-day major adverse cardiac events) and 
of the secondary end points myocardial infarction, recurrent ischemia, and clinical target vessel thrombosis. 

Conclusions— In this phase 2 study, which was designed to assess safety when administered at the time of percutaneous 
coronary intervention, prasugrel and clopidogrel both resulted in low rates of bleeding. The results of this trial serve as 
a foundation for the large phase 3 clinical trial designed to assess both efficacy and safety. (Circulation. 2005:1 J 1:3366- 
3373.) 

Key Words: coronary disease ■ drugs ■ hemorrhage m platelets ■ stents 



Platelet activation and aggregation play important roles in 
the pathogenesis of cardiac ischemic events after either 
spontaneous plaque disruption in acute coronary syndromes 
or mechanical disruption of coronary artery plaques caused 
by percutaneous coronary intervention (PCI). 1 The use of 
coronary stents has resulted in a reduced need for recurrent 
target vessel revascularization but an increased risk of acute 
and subacute thrombosis 2 of the instrumented vessel. Stan- 



dard therapy for the prevention of thrombotic events after 
coronary stenting involves dual antiplatelet therapy with 
aspirin plus a thienopyridine.^ Thienopyridines block plate- 
let activation and aggregation by inhibiting the P2Y }; ADP 
receptor. 5 Most clinical trials supporting the use of thienopy- 
ridines plus aspirin in PCI compared with aspirin alone were 
conducted with ticlopidine. 6 - i; However, clopidogrel has 
largely replaced ticlopidine for use in PCI because of better 
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toierabilMy and a lower risk of hematologic abnormalities 
compared with ticlopidine, Km 

Despite the widespread use of clopidogre! in patients 
undergoing PCI with currently available thienopyridines, 
several important issues remain. 13 "' 5 Data from the Clopi- 
dogrel to Reduce Events During Observation (CREDO) trial 
suggest that most of the acute effect seen in reducing 
peri procedural events with cfopidogrel was limited to patients 
who received (he drug at least 6 hours, and perhaps as many 
as 15 hours, before the procedure^ 6 - 17 As irreversible inhib- 
itors of platelet function, the effects of thienopyridines are 
long-lasting, resulting in a reluctance in current clinical 
practice to give these agents before determining whether a 
patient is likely to need coronary bypass surgery, When 
bypass surgery is performed within 5 days of treatment with 
clopidogrel, a significant increase in major bleeding events 
has been observed, 1 * Finally, a significant variability in the 
response to clopidogrel among healthy subjects and patients 
undergoing PCI has been observed, with some individuals 
having minimal inhibition of ADP-induced platelet aggrega- 
tion, 15,30-72 'phj s concept of clopidogre! resistance led to the 
concern that some patients may not be adequately protected 
from the intense platelet activation and aggregation that occur 
with PCI and are therefore at increased risk for thrombotic 
events. MJV23 Because of these issues, an improved antiplate- 
let regimen to support PCF is desirable. 

Prasugrel (CS-747, LY6403I5) is a novel thienopyridine 
antiplatelet agent that has been shown in preclinical studies to 
be more potent and to have a more rapid onset of action than 
clopidogrel. 24 Phase 1 studies in healthy human subjects not 
taking aspirin showed inhibition of platelet aggregation to be 
greater with a single 60-mg dose of prasugrel than a single 
300~mg dose of clopidogrel 2 * and that repealed dosing with 
10 mg prasugrel showed higher inhibition of platelet aggre- 
gation than 75 mg clopdogrel 2 * Furthermore, there is evi- 
dence in healthy volunteers that thienopyridine resistance 
may be less frequent with a loading dose of 60 mg prasugrel 
than with 300 mg clopidogrel. 2 * These features stimulated 
interest in the evaluation of prasugrel for the prevention of 
thrombotic events after PCI. In preparation for a future phase 
3 trial designed to assess efficacy, the present study is a phase 
2, dose-ranging safety trial comparing prasugrel with clopi- 
dogrel in patients undergoing PCI. The primary hypothesis 
for the present study was that prasugrel is as safe as 
clopidogrel with respect to bleeding events after PCI. 

Methods 

The study was conducted between April and December 2003 at 80 
sites in the United States and Canada (see Appendix in the online- 
only Data Supplement). The protocol was approved by all relevant 
local institutional review boards and ethics committees, and all 
patients signed written informed consent forms before participation. 

Study Population 

To be eligible for inclusion in the trial, a patient had to (1 ) be a man 
of nonpregnant woman > 18 and <75 years of age, (2) be a candidate 
for elective or urgent PCI with intended coronary stenting, and (3) 
have a native target coronary artery stenosis >60% (by visual 
csti mat ion) that was thought by the operator to be amenable to 
stenting with <2 approved coronary stents per lesion (multilesion or 
mulli vessel stenting was acceptable if all lesions were treated in a 
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Figure 1. Protocol schema for JUMBO-TIMI 26, 

single nonsiagcd procedure). Patients could have been enrolled 
before diagnostic catheterization but were randomized only if they 
subsequently met angiographic eligibility criteria. 

Patients were excluded from the study if any of the following were 
present: (I) planned PCI procedure as initial treatment for an 
ST-elevation myocardial infarction (STEM I) or within 24 hours of 
fibrinolytic therapy for STEMI; (2) left main stenosis >50% not 
protected by at least I patent bypass graft; (3) target lesion in a 
saphenous vein graft or arterial conduit graft; (4) left ventricular 
ejection fracrion <30% by any imaging technique or New York 
Heart Association (NYHA) class III or IV congestive heart failure or 
cardiogenic shock; (5) bleeding risks, including, but not limited to, 
active internal bleeding, history of bleeding diathesis, recent major 
surgery, or significant trauma; (6) stroke within 2 years, intracranial 
neoplasm, AV malformation, or aneurysm; (7) uncontrolled hyper- 
lension; (8) concomitant therapies, including oral anticoagulation 
therapy, treatment with a thienopyridine (ticlopidinc or clopidogrel) 
within 5 days, subcutaneous low-molecular- weight heparin within 8 
hours before PCI, bivalimdtn during the index admission before PCI, 
a proton pump inhibitor wilhin 1 2 hours before PCI or in patients 
scheduled to receive a proton pump inhibitor after PCI (to minimize 
any potential inhibition of absorption of study medications), oral or 
intravenous H2 antagonist within 2 hours before PCI, or any 
investigational drug or device within the previous 30 days. 

Study Protocol 

JUMBO-TIMI 26 was a multicenter, randomized, parallel -group, 
double* blind, double-dummy, active-comparator-conlrolled trial 
(Figure 1). After diagnostic catheterization, subjects were random- 
ized to either prasugrel or clopidogrel if the angiographic inclusion 
criteria were met. The study plan was for a total of 900 subjects to 
be randomized lo low-dose (40-mg loading dose followed by 7.5 mg 
daily), intermediate-dose (60-mg loading dose followed by 10 mg 
daily), or high-dose (60-mg loading dose followed by 15 mg daily) 
prasugrel or the standard dose of clopidogrel (300-mg loading dose 
followed by 75 mg daily) at a 4:4:5:5 ratio (200, 200, 250, 250 
subjects). A 300-mg loading dose was chosen for the comparator as 
the standard dose of clopidogrel in clinical practice. Randomization 
was stratified on the basis of the investigator's intention to use a 
glycoprotein (GP) llb/IIIa inhibitor during PCI. For the purpose of 
blinding, clopidogrel/placebo was ovcrencapsulated without excipi- 
ents. Before this study, testing determined that overencapsulated 
clopidogrel was bioequivalent pharmacokincticaHy to unencapsu- 
lated clopidogrel (according to Food and Drug Administration 
standards). Study doses of prasugrel were determined from prior 
pharmacokinetic and pharmacodynamic data.- 4 - 6 Blinded study drug 
(active prasugrel or clopidogrel and matching placebo) was admin- 
istered from any time after the completion of the diagnostic angio- 
gram to the time the patient left the recovery room after PCI. After 
the procedure, a complete blood count was measured daily, and 
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creatine kinase- MB tCK-MB) was measured 4 to 8 hours and 12 to 
24 hours after the procedure and with any ischemic symptoms. 
Maintenance therapy was continued for 29 to 34 days. A 30-day visit 
{range, 29 to 35 days) was held to assess for end points and 
compliance. Clinical end points were determined at hospital dis- 
charge and at the 30-day visit. 

Concomitant Medications 

All subjects received daily oral treatment with enteric-coated 325 mg 
aspirin for the duration of the study. The use of GP tlb/IJJa inhibitors 
was at the discretion of the treating physician. All subjects received 
un fractionated heparin therapy with target activated clotting times of 
200 to 250 seconds for patients receiving an intravenous GP lib/Ufa 
inhibitor and 250 to 300 seconds for those not receiving a GP llbrtlTa 
inhibitor. At the completion of the study, decisions about continua- 
tion and dosing of antiplatelet agents were left to the discretion of the 
treating physician. 

Trial End Points 

The primary end point of the trial was non-CABG- related "signifi- 
cant hemorrhage" at 30 days, defined as the composite of TIMI 
major and minor hemorrhage. Hemorrhagic events were classified as 
major or minor by use of standard TIMI definitions 37 : a clinically 
overt (including imaging) hemorrhage with a hemoglobin drop >5 
g/dL was considered major, and a clinically overt hemorrhage with 
a hemoglobin drop of 3 to ^5 g/dL was considered minor A 
clinically overt bleeding episode with <3 g/dL drop in hemoglobin 
was considered minimal. 28 Additional safety and efficacy end points 
included major adverse cardiac event (MACE) components individ- 
ually and in combination. MACE were defined as any one of the 
following, occurring through the 30-day visit after PCI: (1) death 
(all-cause mortality), (2) myocardial infarction (MI), (3) stroke, (4) 
recurrent myocardial ischemia requiring hospitalization, and (5) 
clinical target vessel thrombosis (CTVT) defined either as total or 
subtotal occlusion of the fiirget vessel documented angiographically 
and occurring ^2 hours after the loading dose of study drug or as 
urgent target vessel revascularization (any PCI orCABG) performed 
in response to ischemic symptoms involving the epicardial coronary 
artery that was the target vessel for the index procedure. Patients who 
did not undergo repealed coronary angiography after the initial 
procedure could not be determined to have CTVT. Major safely and 
efficacy end points were adjudicated by an independent clinical 
evenis committee that was blinded to treatment assignment. 

The definition of Ml. adapted from the standard American College 
of Cardiology/American Heart Association (ACC/AHA) defmi- 
t^ons, 2V ■' ,,, was dependent on pre-evenl biomarkers and the timing of 
the event. Jn all cases, if CK-MB was greater than the upper limit of 
normal (ULN) at the time of the suspected event, both an increase by 
£50% over the previous value and documentation that CK-MB was 
decreasing before the suspected recurrent MI were required. Within 
24 hours after PCI, a subject would be considered to have had an MI 
with the ensuing CK-MB >3 times the ULN; within 24 hours of 
CABC. the threshold was CK-MB >f0 times the ULN. Periproce- 
dural M! could also be determined by either development of new, 
abnormal Q waves considered to be distinct from the evolution of an 
index Ml or pathological findings of a new MI thought to be distinct 
from an Ml in evolution before randomization. If the suspected Ml 
was not associated with a procedure, the definition required CK-MB 
or cardiac troponin greater than ULN and either chest pain or 
ischemic discomfort lasting >20 minutes at rest or hemodynamic 
decompensation. 

Statistical Considerations 

All analyses were performed on an intcnt-to-treat basis of evaluable 
subjects. An evaluable subject was prespecified as a randomized 
subject who received at least the loading dose of study drug. 
Comparisons for the primary and secondary end points were between 
each prasugrel. dosing group and clopidogrel using Fisher's exact test 
or the log-rank test. Other comparisons were done using ^ testing or 
ANOVA as appropriate. Major prespecified analyses included all 



prasugrel dosing groups combined versus clopidogrel and each 
prasugrel dosing group individually compared with clopidogrel. A 
sample size of 900 subjects was chosen to provide at least 80% 
power to detect a 2.5-fold increase in the risk of significant 
non-CABG-associated Weeding that was estimated from previous 
studies to occur in 5% to 7.5% of clopidogrel patients. ,(Ut Secondary 
end points should be considered exploratory because the trial was not 
designed or powered to formally test these end points. Primary 
analyses were performed by an independent statistician at the 
contract research organization (Parexel, International) and verified 
by the sponsor and the TIMI Study Group independently. The TIMI 
Study Group had possession of and full access to all databases used 
for the analysts of the trial. 

Results 

Of the 905 patients randomized, 904 evaluable patients 
received at least 1 dose of study drug as follows: low-dose 
prasugrel, 199; intermediate-dose prasugrel, 200; high-dose 
prasugrel, 251; and clopidogrel, 254. A total of 84S patients 
(93-7%) completed the protocol; 53 (6%) discontinued for 
adverse events, personal decision, protocol violations, or 
physician decision; and 3 (03%) were lost to follow-up. 
There were no statistically significant differences in reasons 
for discontinuation from the trial among treatment groups. 

Baseline and Procedural Characteristics 

The baseline characteristics (Table I) were balanced, with no 
significant differences between prasugrel- and clopidogrel - 
treated patients. Most patients (77%) were men; the median 
age was 60 years; and diabetes was frequent (27%). Unstable 
angina or NSTEM1 was present in 40% of patients before 
PCI. Physician investigators elected to use GP Ilb/Illa inhib- 
itors in 71% of patients. 

As would be expected from the study design, nearly all 
patients underwent a PCI (99%), with 99% of patients who 
had PCI receiving at least I intracoronary stent. Multiple 
(^2) stents were used in 35%, At least 1 drug-eluling stent 
was used in 54% of subjects. These procedural characteristics 
were well balanced among treatment groups. 

Safety 

In all groups combined, bleeding rales were low: 0.7% of 
patients experienced major bleeding, 1,1% experienced minor 
bleeding, and 2.4% experienced minimal bleeding. As would 
be expected in a trial of PCI, most of the bleeding episodes 
were related to instrumentation (68%), and the most frequent 
site of bleeding was the vascular access site. Most overall 
bleeding events (76%), including 4 of the 6 major hemor- 
rhages, occurred during the index hospitalization. An intra- 
cranial hemorrhage (subdural hematoma) occurred in I pa- 
Lienl (0.1%). 

Major safety end points arc summarized in Table 2. When 
examined by treatment group, there were low rales of major 
bleeding for all treatment groups (0.5% for prasugrel com- 
pared with 0,S% for clopidogrel). There was a higher inci- 
dence of but no statistically significant difference between the 
prasugrel groups individually or in combination compared 
with clopidogrel for the primary safety end point of the 
combination of TIMI major and minor non-CABG-related 
hemorrhage (1.7% versus 1,2%; hazard ratio [HR], 1.42; 95% 
CI, 0.40 to 5.08; Figure 2). Transfusion rates were low, with 
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TABLE 1. Baseline Characteristics 



Prasugrel Dose, mg (Loading/Maintenance) Clopidogrel Dose, mg 





40/7.5 


60/10 


60/15 


AN 


\t-UaUll ry/JYlol I MCI Id 1 IWJf 

300/75 


P 


No, 


199 


200 


251 


650 


254 




Age <65 y t % 


65 


76 


74 


72 


77 


0.12 


Age (median), y 


60 


59 


59 


59 


58 


0.10 


BMI (median), kg/m 2 


29.4 


29.5 


29.8 


29.6 


29.4 


0.68 


While, % 


91 


90 


90 


90 


94 


0.13 


Female, % 


24 


25 


21 


23 


23 


0.92 


Smoker, % 


21 


25 


24 


23 


31 


0.07 


Diabetes meUitus, % 


29 


25 


29 


27 


25 


0.43 


Prior aspirin, % 


80 


73 


77 


77 


77 


0.42 


ST-segmenl depression, % 


14 


T2 


12 


12 


12 


0.84 


GP IIMJla use, % 


70 


69 


69 


69 


69 


0.87 


Mean TIMf risk score (SD) 


2.4 (1.2) 


2,2 (1.1) 


2.4 (1.1) 


2.3(1,1} 


2.4(1.1) 


0.46 


TIMI risk score ^2, % 


50.3 


63.0 


54.2 


55.7 


49.6 


Q.1B 



BMI indicates body mass index. All characteristics are expressed as percents unless otherwise noted. Probability 
values are for the comparison of the combined prasugrel group clopidogrel. 



0.9% of prasugrel -treated subjects and 1.1% of clopidogrel- 
trealed patients receiving iransfusion of ai least I U of packed 
red blood cells. All treatment groups had significant hemor- 
rhage rates lower than that expected from historical control 
subjects (5% to 7.5% major plus minor and 2% to 2,5% 
major). l<) ^ ] There was* however, numerically more minimal 
bleeding in the high-dose prasugrel group (3.6%) compared 
with the low-dose (2.0%) and intermediate-dose (1.5%) 
groups and the clopidogrel group (2,4%). Although most 
bleeding events were in-hospiinl for all groups, the high-dose 
prasugrel group had numerically increased postdischarge 
minimal bleeding episodes (1.2%) compared with other 
prasugrel dosing groups (0.5% for each). 



Efficacy 

There was a lower incidence of but no statistically significant 
difference in MACE (Figure 3 A) in the overall prasugrel 
group (7.2%) compared with ihe clopidogrel group (9.4%; 
^=0.26; HR, 0,76; 95% CI, 0.46 to 1.24), 

Major efficacy end points arc summarized in Table 2, The 
incidence of Ml was numerically but nonsignificantly less 
frequent in the prasugrel group compared with (he clopidogrel 
group (Table 2). When MI was analyzed by higher CK-MI3 
cutoffs in a post hoc analysis, a trend toward greater reductions 
in larger infarctions occurred In the prasugrel group (Figure 4). 
Similarly, numerically lower rates of CTVT and recurrent 
ischemia were seen in prasugrel-trcated patients (Table 2). 



TABLE 2. Major Safety (Bleeding) and Efficacy End Points 



Event 


Prasugrel, n (%) 


Clopidogrel, n (%) 






(n-650) 


fn-254) 


P" 


HR (95% CI) 


Bleeding 










Non-CABG TIMI major +minor 


11 0.7) 


3 {1,2) 


0,590 


1.42(0.40-5.08) 


Non-CABG TIMI major 


3 (0.5) 


2(0.3) 


0.544 


0.58{0J0-3.46) 


Non-CABG TIMI major+minor+minimal 


27 (4.2) 


9(3.5) 


0.685 


1,17(0.55-2.48) 


Efficacy events 










MACE 


47 (7.2) 


24(9.4) 


0.260 


0.76(0.46-1.24} 


Death 


3(0.5) 


0 


0.278 




Stroke 


3 (0.5) 


0 


0.278 




Ml 


37 (5.7} 


20 (7.9) 


0.226 


0.72(0.42-1.24) 


Recurrent ischemia 


6 (0.9) 


4 [1.6) 


0.391 


0.58(0.16-2.05) 


Severe ischemia 


9(17) 


11(3.5) 


0.086 


0.47(0,2-1.14) 


CTVT 


4{0.6) 


6(2.4) 


0.024 


0.26 (0.07-0.92) 


Dealh/MI 


40 (6.2) 


20 (7.9) 


0.349 


078(0.46-1.33) 


Death/MI/CTVT 


41 (6.3) 


24 (9.4) 


0.101 


0.66(0.40-1.10} 



The trial primary end point was non-CABG-related TIMI major pfus minor bleeding. Primary safety and efficacy end 
points are in bofd. Recurrent ischemia required ^hospitalization. Severe ischemia included patients for whom 
hospitalization was prolonged as a result of an ischemic episode. HR was not calculable for death and stroke because 
of zero cell in the clopidogrel group. 

*Log-rank probability value. 
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A. Significant IMon-CABG Bleeding (30 d) 
{TIMI Major + Minor) 
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B. TIMI Major Non-CABG BIeeding(30 d) 
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Figure 2. A, Significant bleeding. B, Major bleeding. Numbers 
above bar indicate percent of subjects experiencing event 
through 30 days of tolfow-up. Numbers below bars indicate 
number of subjects experiencing event/number at risk (R/N}. 
LD/MD indicates loading dose/maintenance dose; 40/7.5, pra- 
sugrel 40-mg loading dose, 7.5-mg maintenance dose; 60/1 0, 
prasugrel 60-mg loading dose, 10-mg maintenance dose; 60/15, 
prasugrel 60-mg loading dose, T5-mg maintenance dose; Pras, 
all patfents randomized to prasugrel; and clop, all patients ran* 
domized to clopidogrel. 



Three deaths were observed in the high-dose prasugrel 
group (1.2%), whereas no deaths were seen in the other 
treatment arms. One patient was randomized, received only a 
loading dose, and died of complications from an elective 
coronary artery bypass surgery (sepsis). A second patient had 
a witnessed sudden death while exercising; an autopsy 
showed no evidence of stent thrombosis or new ischemic 
event. The third death was not witnessed, and no autopsy was 
performed. There was no statistically significant difference in 
death among the prasugrel groups or between all prasugrel 
groups and the clopidogrel group (Table 2). 

Two strokes were observed in the intermediate-dose pra- 
sugrel group (1.0%) and were non hemorrhagic. One stroke 
was seen in the high-dose prasugrel group (0.4%) and was 



judged to be hemorrhagic. This patient had a CT scan 
showing a small subdural hematoma. There were no episodes 
of intraparenchymal or epidural hemorrhage. There was no 
statistically significant difference in this end point among the 
prasugrel groups or between the combined prasugrel group 
and the clopidogrel group (Table 2). 

Subgroups 

Separate analyses were performed on the basis of the use of 
GP Ilb/IIla inhibitor, gender, age, smoking stalus, prior 
aspirin use, urgent versus elective PCI, and indication for 
PCI. There were no significant interactions between subgroup 
and treatment effect. 

Discussion 

This is the first report of the use of a novel thicnopyridine 
antiplatelet agent, prasugrel (CS-747, LY6403I5), in patients 
undergoing elective or urgent PCI. This trial was designed 10 
evaluate ranges of both loading and maintenance doses of 
prasugrel compared with standard therapy with clopidogrel. 
Bleeding rates for all treatment groups were lower than 
expected for clopidogrel plus aspirin from prior PCI iri- 
als. lai7 - M There was a suggestion of an increase in TIMJ 
minimal bleeding in the postdischarge period with the highest 
dose of prasugrel compared with all other treatment arms. 
This suggests a clinically meaningful dose-response relation- 
ship with this compound. 

This trial was designed as a phase 2 safety study. The 
primary goal was to assess the bleeding risk associated with 
prasugrel and the feasibility of a phase 3 trial. It was no* 
designed or powered to delect clinical efficacy. Therefore, 
with 904 subjects in 4 treatment arms (including an active 
comparator), the study did not have statistical power to detect 
clinically meaningful differences in efficacy end points. 
Accordingly, efficacy results should be interpreted with 
caution. Point estimates for selected ischemic end points were 
lower in (he prasugrel -treated patients. However, except for 
CTVT, these events failed to meet statistical significance and 
formally should not be considered evidence of being 
different. 

In aggregate, these data showed that treatment with pra- 
sugrel resulted in acceptable levels of bleeding with contem- 
porary PCI practices; there were low rates of major bleeding, 
significant (major plus minor) bleeding, and transfusions. 
There were nonsignificantly higher rates of minor and mini- 
mal bleeding in patients treated with prasugrel, especially at 
the highest dose studied. In contrast, there were nonsignifl- 
cantly lower rales of ischemic events after PCI when patients 
were treated with prasugrel compared with clopidogrel. This 
combination of features warrants further study. 

If a similar magnitude of reduction in efficacy end points 
seen in this trial can be corroborated in a larger trial powered 
to detect clinical efficacy differences with acceptable safety, 
this would constitute an improvement over the current stan- 
dard of care. Although the present trial was not designed to 
assess mechanisms of action, multiple features of prasugrel 
could explain these putative differences, including increased 
level of platelet inhibition, 26 and/or diminished inlerpatienl 
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C. CTVT at 30 d 
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D. Severe Ischemia at 30 d 
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Figure 3. Major efficacy end points through 30 days. A, MACE. 6, Ml. C, CTVT. D, Severe ischemia {requiring ^hospitalization or pro* 
longing ongoing hospitalization). Numbers above bar indicate percent of subjects experiencing event through 30 days of follow-up 
Numbers below bars indicate number of subjects experiencing event/number at risk (R/N). Abbreviations as in Figure 2, 



variability of antiplatelet effect compared with standard 
clopidogrcl therapy. 2 * 

Study Limitations 

The trial was designed as a safely trial with a primary end 
point comparing bleeding rates. Bleeding rales in the control 
arm were lower than expected, resulting in reduced power for 
the primary safety end point. Although the rates of bleeding 
were also low in the prasugrel-treaied patients, one cannot 
exclude a moderate increase in bleeding with prasugrel. The 
trial was not intended to be powered to specifically examine 
efficacy end points. As a result, the Cls around the estimates 
of ischemic event reductions are wide, and the magniLude of 
the decrease in event rales should be interpreted with caution. 
However, the biological plausibility of the enhanced anti- 
platelet effect and the appearance of a dose-response relation- 
ship with prasugrel provide support that these observations 
could be clinically meaningful. To the best of our knowledge, 



no adequately powered study has compared a 300-mg loading 
dose with higher loading doses of clopidogrcl or clopidogrcl 
prelreafment with administration of loading doses of clopi- 
dogrcl during PCI with clinical end points, but some opera- 
tors have adopted these practices on the basis of mechanistic 
information. The design of JUMBO-TIM 1 26 does not allow 
for the assessment of prasugrel compared with higher doses 
of clopidogrcl or the effects of longer durations of study drug 
pretreatment. Information about the safely of prasugrel in 
populations excluded from this trial (including the elderly or 
patients undergoing primary PCI for STEM I) cannot be 
determined from this trial and need to be clarified in future 
studies. 

Conclusions 

Thienopyridine antiplatelet agents arc an important compo- 
nent of adjunctive therapy for PCI. Prasugrel is a novel, 
thienopyridine P2Y f2 antagonist thai can achieve more rapid 
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Figure 4- Hazard ratio and Cfs for MJ at 30 days using increas- 
ingly stringent CK-M8 cutoffs. The notations 3x, 4x, and 5x 
indicate 3, 4, or 5 times ULN CK-MB. Number in parentheses 
notes number of Mis meeting this definition. 

onset and higher levels of inhibition of platelet aggregation. 
In this study, designed to assess safety, prasugrel and clopl- 
dogrel, when administered at the time of PCI t resulted in low 
rates of bleeding, although modest increases associated with 
prasugrel cannot be excluded given the low power of the 
study resulting from lower-than-expccled bleeding rates in 
both ireatment groups. The results of this trial serve as a 
foundation for a large phase 3 clinical trial, (he Trial to Assess 
Improvement in Therapeutic Outcomes by Optimizing Plaic- 
Icl Inhibition With Prasugrel (TRITON)-TIMI 38, designed 
to assess both efficacy and safety. 
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Prasugrel bests clopldogrel without bleeding risk in STEMI subgroup in 
TRITON-TIMI 38, researchers say 
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Paris, France - In patients with ST-segment-elevation Ml (STEMI) undergoing PCI, treatment with the new antiplatelet f : "t$m£f.- ; 1^ 

agent prasugrel (L illy/Da II ch I Sankyo) significantly reduced ischemic events compared with clopldogrel (Plavix, Bristol- •" :: ' : ' : '" ::: '"' v ' : ' ' ; "'" ! " ! ' ! ^ 

Myers Squibb/Sanofi-AvenUs). without a Significant increase in bleeding risks [1]. Catheter Based Therapies CKnkal 

Theme 

The results, from a prespecified analysis of the Trial to Assess Improvement in Therapeutic Outcomes by 
Optimizing Platelet Inhibition with Prasugrel (TRITON-TIM I 38), showed that treatment with prasugrel resulted In 
significant reductions in 30-day rates of cardiovascular death, nonfatal Ml, or nonfatal stroke, a benefit that persisted out 
to 1 S months. In addition, there were reductions in secondary end points, including a significant reduction In stent 
thrombosis rates, with prasugrel 



Challenging Ca*« In ACS; How. Novel 
Stent Technology Improves Outcomes 
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"Our findings were consistent with those of TRITON-TIM I 38 in the cohort presenting with unstable angina or non- 
STEMI," write lead investigator Dr Gllles Montalescot (Centre Hospitalier Unlversltaire Pitle-Salpetriere, Paris, France) 
and colleagues In the February 28. 20D9 Issue of the Lancet. The significant reductions we noted in cardiovascular 
death, myocardial Infarction, and urgent target vessel revascularization [TVR] at 30 days and 15 months underscore the 
benefits of prasugrel when viewed In the context of an end point typically used In other trials of PCI for STEMI." 

Commenting on the study for heartw/ne, Dr Deepak Bhalt (Brkjham and Women's Hospital, Boston, MA) said prasugrel 
Is a winner over clopldogrel In STEMI patients who undergo primary PCI, especially since these patients are not likely 
going on toCABG surgery. 

"For a patient undergoing primary PCI, I think that giving prasugrel In the emergency department seems like a really 
useful step and an advance in the care of STEMI patients," said BhatL "A lot of the other issues involved in the debate 
over which is drug Is better to use In which patient don't really apply as much. The decision In the emergency 
department, where you know youYe going to do PCI on a patient with clear-cut STEMI. Is that the prasugrel 60-mg load 
is probably the way to go * 

Dr Duane Plnto {Beth Israel Deaconess Medical Center, Boston. MA), who also commented on the analysis for 
heartw/re, said that while prasugrel showed benefit without an Increased risk of bleeding, he Is not an advocate of a 
one-size-fits-all approach when it comes to selecting treatment in STEMI patients. 

There are an incredible amount of factors that the physician has to consider, such infarct location, comorbidities, risk of 
bleeding, timing of loading, and timing of the PCI," said Plnto. This can't exactly be captured In one summative 
statement. This paper Is very compelling in many regards by Informing us that there Is probably better antiplatelet effect, 
as measured by the reduction In Ischemic complications, but whether that effect is the same across all subgroups, 
across all flavors of patients, there should be hesitation before drawing that conclusion " 

The TRITON study 

The TRITON trial Included 13 606 moderate- to high-risk ACS patients scheduled for PCI and randomized to receive 
prasugrel (60-mg loading dose and then 10-mg daily maintenance dose) or clopldogrel (300-mg/75-mg) for six to 15 
months. The results, which were presented at the American Heart Association 2007 Scientific Sessions and reported 
extensively by heartw/ra at that time, showed a significant reduction In the primary efficacy end point (cardiovascular 
death/MI/stroke). as well as in Ml, urgent TVR, and stent thrombosis. But this was at the expense of a significant 
increase In major bleeding, life-threatening bleeding, and fatal bleeding. 

In this predefined analysis, Montalescot and colleagues report the results of the 3534 patients presenting with STEMI. At 
30 days, treatment with prasugrel reduced the primary end point as well as reduced the risk of cardiovascular death, all- 
cause death, and stent thrombosis compared with clopldogrel. A secondary end point, a composite of cardiovascular 
death. Ml, or TVR, was also reduced at 30 days. 

Reductions In the primary end point, a composite of cardiovascular death, nonfatal Ml. and nonfatal stroke, were 
maintained at 15 months, as were reductions in the secondary end point and other individual end points, Including Ml. 
S tent-thrombosis rates were also maintained with prasugrel at 1 5 months. All-cause and cardiovascular mortality rates, 
however, were similar between the two treatments at 1 5 months, despite statistically significant early benefits at 30 days. 
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Major efficacy and safety end points at 15 months 
End point Clopldogrel [V.) Pn«ugrel (%) Haiard ratio (9S% CI) 
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In contrast with the overall study, there was no increased bleeding In the STEM! patients treated with prasugrel 
compared with those randomized to tfopldogreL 

Interestingly, a post hoc analysis revealed that Ischemic event rates at 15 months were significantly lowerwith prasugrel 
only in STEMI patients with an anterior Ml. In STEMI patients with nonanterior Ml, treatment effects did not differ for the 
primary endpolnt. The test for heterogeneity of the effect of prasugrel was significant (p=0.0053). 

"As is the case with many adjunctive therapies In Infarct treatment, the highest-risk Individuals tend to gain the most," 
said Pinto. "In this case t the anterior Ml patients and diabetics gain the most Those are the higher-risk Individuals. 
People where you might not be getting as much bang for your buck but might still have the penalty of bleeding, include 
nonanterior Ml patients, where there is not a clear signal of benefit." 

Pinto tDld heartw/ra that TRITON Is reflective of the general population, where 40% of infarctions are anterior Mis. This 
absence of benefit In the nonanterior group "should give a clinician pause," he said. 

Also commenting on the TRITON analysis for heartwWre, Dr Paul Gurbel (SJnai Hospital, Baltimore, MD) said the 
findings go atong with the main TRITON results but added, as did investigators, that the study was not prospectively 
designed or powered to test the superiority of prasugrel over clopldogrel fn STEMI patients. Commenting on the Infarct 
location issue, Gurbel said that it's possible that nonanterior Mis mtght have been clinically silent, whereas a recurrent 
event in the left anterior descending artery, for example, is likely to be captured. 

Regarding the Tack of bleeding risk observed In STEMI patients, he said the results "are not what you'd expect" 
considering the amount of GP lib/llla Inhibitor use. Also, he noted that the rate of non-CABG TIMI major bleeding was 
greater In STEMI patients than in the overall cohort— tip from 1 .8% to 2.1% In the STEMt cohort— but was unchanged 
with prasugrel. another finding that is unexpected, given that prasugrel is a more potent antiplatelet agent 

p l don't think you can say that you donl have a bleeding hazard with prasugrel In STEMI patients," said Gurbel. "I think 
that's the wrong conclusion. I don't think the investigators are trying to say that either. 1 think we need to be cautious 
about any interpretation of these data." 



Limitations of the trial 

In an editorial accompanying the published study [2], Dr Gregg Stone (Columbia University, New York) writes that the 
TRITON study shows that additional freedom from Ischemic events is possible with more powerful platelet Inhibition in 
acute coronary syndrome (ACS) patients undergoing PCI. Also, the study "provides a tantalizing glimpse that balancing 
ischemic and hemorrhagic risk through careful selection of patients and personalized pharmacotherapy should result In 
improved outcomes for patients with cardiovascular disease." 

Stone notes several limitations of the TRITON study, the first being the dose of the comparator drug. In the study, 
prasugrel was compared with a 300*mg loading dose of clopldogrel rather than the more potent 600*mg dose, the 
current standard of care for primary PCI. He also notes that STEM! patients enrolled In the study between 12 hours and 
14 days after symptom onset designated secondary PCI, likely did not receive the full benefit of clopldogrel because of 
inadequate preloading. Overall, 72% of patients in the ctopidogrel arm received the study drug during PCI, whereas Just 
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27% were preloaded within the allocated 24 hours prior to the procedure. 

These limitations are not Idle academic musings," writes Stone. The size of the 30-day reduction in major adverse 
cardiovascular events In TRITON with prasugrel was similar to that seen with adequate clopldogre! loading compared 
with placebo In the PCi-CURE and PC1-CLARITY studies." 

Speaking with heartwfre, Bhatt said the Issues raised by Stone have validity. 

"What if we used the GOO-mg loading dose, or what if we pretreated? Would the relative benefits be the same?" asked 
Bhatt There'd probably be less benefit, but we know there are people who would benefit from prasugrel, because even 
with the higher doses of clopidogrel there are different SNPS that predispose to a lower clopidogrel effect So even if the 
trials had been done with different doses or preloading, there'd probably be some differential in favor of prasugrel, but I 
do think the differential would be attenuated." 

Whether the benefit would be worth the cost In bleeding is unknown, said Bhatt 'You have to do those trials, which are 
probably never going to be done on a large scale," he said. "We won't have a precise answer, and well be left trying to 
practice the fine art of medicine and Interpret the data we have, - 

Earlier this weefc, the European Commission granted marketing approval of prasugrel for the prevention of 
atherothrombotic events In patients with ACS undergoing PCL The Food and Drug Administration has yet to make a 
decision, but an advisory panel voted unanimously to approve the drug. 



Lilly and Daiichi Sankyo supported TR(TOfJ~TiW 5ft Montatescot reports receiving research grants from Bristol-Myers Squibb, S 
Aveniis, Bi USy, Medtronic, Boston Scientific, Cordis, Stago, and Centocor; consulting foes from Sanofi'Aventis, Eii USy, Bristot-Myers 
Squibb, and Schering-Plough; and lectin faea from SanoffrAventis, EH Utfy, Bristol-Myers Squibb, GlaxoSmtihKJIne, And Schering- 
Plough. Stone has received research support from the Medicines Company, Boston Scientific, and Abbott Vascular, and honoraria from Bi 
Lilly. Bhatt reports receiving research grants from Bristol-Myers Squibb, Esai, Ethkon, He art SC ape, Sanofl-Aventis, and the Medicines 
Company, he has served as a consultant to Arena, Asteltas, AstraZeneca, Bayer, Bristol-Myers Squibb, Cordox, Cenlooor, Cogentus, 
Daikhi-Sankyo, Bsal, Bi Uily, GtaxoSmlthKline, Johnson & Johnson, McNeil, Medtronic, Millennium, Molecular Insights, Ctsuka, 
" '--mix, PDL, Philips, Portola, SanofiAvantis, Schermg Plough, Scios, Takeda, the Medicines Company, and Vertex (Bhatt reports 
g these fees to nonprofits for the past two years). 
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Impressive 

The numbers look good/great It definately looks like those with anterior STEMI or diabetic 
STEM! would benefit (although a person could argue cabg for latter). I have frustration that 
alt cause and ov mort rates were no better. The other Issue would be bleed rales for those 
who must go on to have cabg. 

March 9, 2009 01:51 (EDT) 

Not that fmpresstva for PCI patients 

A stronger blood thinner will work better at what cost? What doe3 "at the expense of a 
significant Increase in major bleeding, life-threatening bleeding, and fatal bleeding.' mean? 
The bleeding rates In the Tables do not shown a distinct or strong trend. Further, the lower 
loading dose for the clopidogrel patients might mask an Important observation for stent 
thrombosis rales. Comparing the 30-day and 1 5-month figures we see that stent 
thrombosis has risen just 0-4% for both drugs. Does this show the low clopidogrel loading 
dose limitation In the results? 
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Abstract 

Many patients suffer thrombotic events such as myocar- 
dial Infarction, stroke and peripheral embolism despite 
therapy with recommended doses of all currently ap- 
proved antiplatelet agents. Researchers have suggested 
that a subset of patients may be resistant to the antiplate- 
let effects of aspirin, and have developed substantial evi- 
dence to support this theory. The thienopyridines ticlo- 
pidine and clopidogrel and the glycoprotein Jlb/llla inhib* 
hors also exhibit substantial interpatient variability in the 
level of platelet inhibition they achieve. There are several 
biochemical factors that may contribute to the etiology of 
individual resistance to antiplatelet medications. Some 
studies suggest that the variability in patient responsive- 
ness to these drugs may have clinical consequences, and 
data from trials evaluating clinical end points are needed 
to further elucidate this correlation. 

1 Copyright©2000S. forger AO. H«d| 



Introduction 

As the role of the platelet in coronary thrombosis 
becomes clearer, the importance of antiplatelet strategies 
in acute coronary syndromes (ACS) and percutaneous 
coronary interventions (PCI) is gaining considerable at- 
tention. Aspirin, the first drug found to impede clot for- 
mation through its action on platelets, was discovered to 
profoundly improve the outcome of patients suffering an 
acute myocardial infarction when the IS1S-2 investigators 
demonstrated a 21% reduction in mortality among pa- 
tients on aspirin as compared with those on placebo [l]. It 
has been subsequently proven that aspirin reduces the 
incidence of stroke, myocardial infarction and vascular 
death by 25% in patients with significant risk factors for 
vascular events [2], The adenosine diphosphate (ADP>- 
blocking agents ticlopidine and clopidogrel have been 
shown to decrease thrombotic events in similar popula- 
tions of patients to a slightly greater degree [2-5], Re- 
cently, glycoprotein (GP) Ilb/IIIa-mhibiting drugs have 
gained considerable attention for their use in improving 
outcomes with ACS and PCI and decreasing major ad- 
verse cardiac events, including 1-ycar mortality, following 
percutaneous revascularization £6-8]. 
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Fig. 1. Variibilily in bleeding lime among aspirin reiponders (58 %) 
and nonrespondcrs (42%). ASA = Aspirin, The mean variation in 
bleeding lime for responded was 59 ± 10%, and for nonrcsponders 
it was 2 i 4%. Adapted from Buchanan and Brister [12]. 



An undesirable level of morbidity and mortality fol- 
lowing acute coronary events persists despite our increas- 
ingly sophisticated arsenal of drugs that hinder the activa- 
tion and aggregation of platelets in the face of a highly 
thrombotic environment A subset of patients treated 
with the recommended doses of aspirin, a thienopyridine 
or a GP Ilb/IIIa inhibitor may persist in forming new 
clots, thereby jeopardizing the myocardium and risking 
arrhythmic and mechanical complications. This brings up 
certain questions: Do platelet-blocking agents exhibit a 
degree of unpredictability in therapeutic effect? Do indi- 
viduals respond differently to antiplatelet medication? 
Can interpatient variability be measured using platelet 
function assays, and does this translate into a similar vari- 
ation in clinical effect and outcome? Can laboratory- 
guided prescribing of antiplatelet medication improve 
care by targeting individuals who require elevated doses 
of drugs or alternative treatments to achieve adequate 
platelet inactivation? We will attempt to answer these 
questions with a review of the literature and present an 
introduction to the GOLD study, the first trial designed to 
correlate measured platelet function and clinical out- 
comes in a cohort of patients treated with GP Ilb/IIIa 
inhibitors. 



Aspirin 

Aspirin irreversibly inhibits platelet cyclooxygenase*l 
(COX-1), thereby rendering platelets incapable of synthe- 
sizing thromboxane A 2 (TXAj)for the life of the cell. TxA2 is 
released by activated platelets and leads to the recruitment 
and eventual aggregation of additional newly activated 
platelets into a nascent thrombus. While aspirin exhibits 
other effects on the vascular milieu - such as inhibiting 
prostaglandin [9] and blocking the activity of nitric oxide 
inhibitors 1 1 0] - the effect on TxA2 is posited to account for 
the principle antithrombotic effects of the drug. 

Alexander et al [1 1], in 1999, reported that 63,8% of 
patients presenting with a non-ST segment elevation ACS 
were actively taking aspirin. Why this subset of patients 
experiences a thrombotic event despite chronic antiplate- 
let therapy is unclear. A possible explanation arises from 
research that has identified a subset of the population that 
fails to exhibit the expected platelet inactivation with 
aspirin. To date, limited data implicate an association 
between these laboratory measurements of platelet activi- 
ty and clinical outcomes, suggesting that individuals who 
receive inadequate platelet inhibition are at greater risk of 
thrombotic complications than persons who have labora- 
tory evidence of sufficient platelet inhibition. 

The concept of aspirin resistance has gained support as 
researchers have demonstrated significant interpatient 
variability in measured markers of platelet function in 
persons taking standard doses of the drug. Clinically, aspi- 
rin resistance is defined as the failure of aspirin to prevent 
thrombotic events* In an attempt to refine the boundaries 
of aspirin resistance, researchers have used laboratory 
surrogates - in the form of various platelet function as- 
says - to estimate the prevalence of this entity at as high as 
40% (fig. 1) [12]. 

Several problems exist with respect to such estima- 
tions. 

First, there is no consensus of opinion as to the most 
reliable or clinically relevant marker of aspirin-induced 
platelet blockade- The methods employed most common- 
ly include bleeding time [13], platelet aggregation in 
response to platelet activators [13-16], plaielet aggrega- 
tion ratio [17,18] and flow cytometry to detect membrane 
GPs expressed on activated platelets [15, 19J The ab- 
sence of a single 'gold standard 5 makes comparisons 
between different studies difficult. Furthermore, only ag- 
gregation testing has been significantly linked to clinical 
outcome data [16, 18]. 

Second, in vitro aspirin responsiveness appears to dif- 
fer to some degree based on the dosing used. For example, 
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in one study of patients undergoing coronary artery by- 
pass surgery after 6 months of therapy with 325 mg of 
aspirin, ] 7 of 40 (42%) patients were found to have a 
bleeding time that failed to prolong more than 2 standard 
deviations and were deemed aspirin nonresponders [12]* 
In another arm of the same study, only 3 out of 1 0 healthy 
volunteers showed prolongation in bleeding time at a dose 
of 80 mg daily- When the aspirin dose was increased to 
1,300 mg daily, 6 of the 7 remaining volunteers had pro- 
longed bleeding times. The authors concluded that most 
volunteers who were aspirin nonresponders at the low 
doses of aspirin would respond to the higher dose of aspi- 
rin and suggested that the 42% aspirin resistance found in 
the cohort of coronary artery bypass graft patients might 
change with increased dosing of aspirin. The concept of a 
dose-dependant in vitro response to aspirin was docu- 
mented by a trial that measured platelet aggregation in 
107 patients on varying doses of aspirin for stroke pre- 
vention [14). At an aspirin dose of 325 mg daily, inhibi- 
tion of platelet aggregation was complete in 79% of 
patients, with 21% of the subjects exhibiting only partial 
blockade. Escalating the dosage to 1,300 mg in 12 persons 
in the latter group resulted in complete inhibition in all 
but 3 patients. 

Clinically, however, a dose response has not been 
found. Dosing aspirin at 100 mg proved to be no less 
effective than 1,000 mg in preventing restenosis after 
femoropopliteal percutaneous transluminal angioplasty 
[20]. A meta-analysis reviewing aspirin dosing in 1 1 ran- 
domized, placebo-controlled trials concluded that all 
doses from 50 to 1 ,500 mg daily produced the same reduc- 
. tion in stroke risk (1 5%) in patients with a history of cere- 
brovascular disease [21]. In fact, some data are more sug- 
gestive of a greater clinical benefit with lower doses of 
aspirin. A meta-analysis of low- versus high-dose aspirin 
suggested a better outcome with smaller doses of the drug 
[22], A recent randomized trial of aspirin dosing in 
patients undergoing carotid endarterectomy concluded 
that patients taking 325 mg or less of aspirin had fewer 
adverse events within 3 months than did the patients tak- 
ing 650-1,300 mg of aspirin daily[23]. 

Third, in addition to. significant interpatient variabili- 
ty, there may exist some degree of intrapatient variability. 
Researchers who measured platelet aggregation in 171 
stroke patients found that 154 subjects attained complete 
platelet inhibition on doses of aspirin varying from 325 to 
1,300 mg per day [24], Of these 154 subjects that presum- 
ably had an adequate response to aspirin, 47 (30.5%) did 
not maintain that effect upon repeated testing, despite ful- 
filling the criteria of regular compliance checks. The 



results of this trial suggest that aspirin responsiveness is 
dynamic over time in many individuals. Such a notion 
was challenged by a small trial that evaluated platelet 
aggregation in 31 healthy, young adults and demonstrated 
that once platelet inhibition was achieved, it was main- 
tained throughout the duration of the 28 days of pro- 
longed aspirin ingestion [25], In another small series of 
healthy men taking 324 mg of aspirin daily, bleeding time 
and platelet aggregation were found to be constant in each 
individual on separate assessments 30 months apart [26]. 



Mechanisms of Aspirin Rfifilstanc* 

The mechanism underlying aspirin resistance has yet to 
be fully elucidated, but a number of factors have been 
shown to cause decreased aspirin efficacy alone or in com- 
bination with other variables. Aspirin inhibits COX-1 
from metabolizing arachidonic acid to the potent platelet 
agonist TxA^ but the drug has little to no effect on lipoxy- 
genase [12]. Lipoxygenase converts arachidonic acid into 
1 2-hydroxyeicosatetraenoic acid (12-HETE), a metabolite 
that. increases platelet adhesivity. When platelet COX-1 is 
inhibited, platelet 12-HETE synthesis via the lipoxygenase 
pathway may increase. It is conceivable that lipoxygenase 
could be more prevalent or more active in persons who 
show resistance to aspirin. In a study by Buchanan and 
Brister [ 12], platelet 12-HETE synthesis and platelet adhe- 
sivity remained unchanged or became enhanced with aspi- 
rin therapy in the patients classified as aspirin nonrespon- 
ders, whereas aspirin responders all showed decreased 12- 
HETE production with aspirin therapy. 

Aspirin completely blocks COX-1, but its effect on 
COX-2 is 170 times weaker [27]. In aspirin-resistant 
patients, the persistent production of TxA 2 may occur as 
the result of unusually enhanced COX-2 activity. Further- 
more, COX-2 synthesis, even in normal patients, can be 
rapidly induced by proinflammatory or autogenic stimu- 
li, including cytokines, endotoxin and growth factors [28]. 
Since TxA 2 needs to be blocked by 95-99% to inhibit 
platelet aggregation [29], even small amounts of COX-2- 
produced TxA 2 could feasibly result in clinically signifi- 
cant aspirin failure. It has been suggested that high plate- 
let turnover can enhance platelet COX-2 expression and 
thereby Inhibit the effect of aspirin on platelet aggregation 
[30]. One study found that 20% of patients with unstable 
angina treated with aspirin had unusually high rates of 
thromboxane metabolite in 6- to 8-hour urine collections, 
suggesting persistent thromboxane production despite as- 
pirin therapy [31]. 
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Aspirin is able to irreversibly acetylate the COX-1 that 
is present not only in platelets, but also in monocytes/ 
macrophages and vascular endothelial cells* While this 
results in inhibition for the life span of the affected plate*- 
let, nucleated cells are capable of synthesizing new COX- 
I , The plasma half-life Of aspirin is too brief ( 1 5-20 min) 
to suppress extra-platelet COX-1 throughout the drug- 
dosing interval Indobufen, a reversible inhibitor of COX- 
1 with a half-life of 8 h, proved to suppress the rate of 
TxA 2 biosynthesis better than aspirin when given to 
patients with unstable angina [32], This supports the spec- 
ulation that nucleated cells in the vessel serve as a reser- 
voir of TxA 2 synthesis. 

The platelet GP complex Hb/lIIa, which acts as a 
receptor for fibrinogen and other adhesive molecules, is 
required for platelet aggregation. A polymorphism in the 
gene encoding GP Ilia results in the presence of two 
alleles in the population: Pl Al and PI* 1 . The presence of 
the allele PI* 2 has been suggested as a heritable risk factor 
for coronary artery disease [33], In an evaluation of 
patients suffering myocardial infarction, researchers 
found a 50% incidence of the A2 allele compared with 
27% in ago and sex-matched control subjects [34], It 
appears that this genetic variable may also play a role in 
an individual's response to aspirin. One study found that 
aspirin therapy might be associated with elevated throm- 
bin levels in persons with the PI* 2 allele [35]. However, 
this issue is far from settled. Two other studies produced 
results that counter the suggestion that the PI* 2 allele is 
culpable for resistance to aspirin therapy, by showing 
enhanced inhibition of platelet aggregation with aspirin in 
individuals who are heterozygous for the PI* 2 allele [36> 

Kawasaki et al, [26] suggest that aspina resistance is a 
function of the sensitivity of platelets to collagen. They 
demonstrated that the collagen concentration required to 
trigger platelet aggregation in aspirin nonresponders is 
half the concentration needed to stimulate platelet aggre- 
gation in aspirin responders. This difference was seen 
both with and without aspirin, and on two separate mea- 
surements performed 30 months apart. 

Other mechanisms that may play a role in thrombosis 
despite aspirin therapy are variable rates of aspirin hydro- 
lysis [38, 39] a platelet stimulation via shear stress, ADP 
and endothelial prostacyclin [28] and variability in plate- 
let aggregation related to a polymorphism of the platelet 
arginine vasopressin V\ receptor [40]- Tobacco use [41], 
hyperiipidemia [42], testosterone level [43] and exercise 
[44] also affect platelet inhibition in response to aspirin. 
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Fig. 2- Rate of major cardiac events among aspirin responders (n = 
1 14) and nonxespondftrt (n = 60) (p < 0.000 1). Adapted from Groie- 
tneyerct&l. (IS]. 



Clinical Relevance of Aspirin Remittance 

While there are many studies demonstrating variable 
levels of platelet function with aspirin therapy, few trials 
have been performed showing that this concept translates 
into clinical significance, Grotemey er et ah [ 1 8] evaluated 
1 76 stroke victims upon their discharge from hospital and 
classified them as aspirin responders or nonresponders 
based on platelet function 1 2 h after a 500-mg oral dose of 
aspirin. All patients were treated with 1,500 mg of aspirin 
per day and followed for 24 months for the major end 
points of stroke, myocardial infarction or vascular death. 
Major end points were seen in only 5 of the 114 (4,4%) 
aspirin responded, but in 24 out of 60 (40%) nonrespon- 
ders <p < 0.0001), suggesting more thromboembolic 
events in patients with poor platelet inhibition (fig. 2). 

Another study evaluated 70 male and 30 female pa- 
tients with intermittent lower extremity claudication who 
were undergoing percutaneous balloon angioplasty at the 
level of the iliaco-femoral artery [16]- The researchers 
measured the platelet reactivity in response to ADP and 
collagen after the patients were placed on aspirin at a dose 
of 100 mg per day. During the subsequent 18 months of 
clinical observation, eight patients suffered reocelusion at 
the site of the angioplasty. Comparisons of the aggrega- 
tion results in this group revealed that restenosis occurred 
exclusively in male patients who failed to achieve inhibi- 
tion of platelet aggregation in response to both ADP and 
collagen. The relative risk for reocelusion in the patients 
who did not respond appropriately to aspirin was L871 
(p* 0.00093). 
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Fig. 3, Variability of platelet aggregation 
and P*selectiii expression among 9 healthy 
volunteers treated with 250 mg of ticlopi- 
dine twice a day and 325 mg of aspirin daily 
for 5 days- Note the wide variation in treat- 
ment-to-baseline ratio among in vitro mea- 
surements. Adapted from Farrell et al. [1 5). 
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An ongoing trial assessing long-term cardiovascular 
events in patients with coronary disease has shown that 
8-12% of patients taking aspirin do not achieve the thera- 
peutic benefit of platelet inhibition, based on aggregome- 
try [45]. The results of this study should shed light on the 
clinical relevance of laboratory-measured aspirin resis- 
tance. . 

As shown, platelet function studies reveal a significant 
variation in an individual's response to aspirin and sug- 
gest that a subset of the population might be resistant to 
the drug's protective effects against thromboembolic 
complications. What is less clear is whether the mecha- 
nisms that confer aspirin resistance also affect an individ- 
ual's response to other antiplatelet medications. 



Tictopidina and Clopidogrel 

The thienopyridincs, ticlopidine (Ticlid) and clopido- 
grel (Plavix), irreversibly inhibit platelet aggregation by 
preventing ADP-mediated structural alterations in the 
GP Ilb/IIIa receptor, thereby inhibiting platelet binding 
to fibrinogen [46], Both drugs, when used chronically in 
the place of aspirin, have been shown to be slightly more 
effective than aspirin in the secondary prevention of 
thrombotic events [3, 5). When dosed simultaneously, the 
tbienopyridines and aspirin have synergistic antiplatelet 
effects [47], _ 

Although not as well studied as with aspirin, intenndi- 
vidual variability has also been observed in platelet reac- 
tivity during treatment with this class of medication. Far- 



xell et al. [15] studied platelet aggregation in healthy sub- 
jects treated with 250 mg of ticlopidine twice daily for 5 
days. Substantial variation in aggregation response to 
AT>P was seen among the patients in this cohort; 15% of 
specimens revealed increased aggregation with ticlopi- 
dine. Flow cytometric determination of P-selectin, a sur- 
face protein expressed on activated platelets, similarly 
showed a range of drug effect that varied from full platelet 
inhibition to little or none. Blood samples from a group of 
patients taking 75 mg of clopidogrel daily demonstrated a 
similar range of effect [48]. ADP-induced aggregation in 
healthy subjects on 75 mg daily showed a mean level of 
platelet inhibition that was within the therapeutic range 
on day 2 of treatment, but the variability in the group was 
± 27% from the mean (Fig. 3). 

Variable levels of platelet inhibition have therefore 
been documented among patients in these small series. 
Does this imply that a subset of the population will be 
thienopyridine nonresponders and, as seen with aspirin, 
exhibit ticlopidine or clopidogrel resistance? Unfortu- 
nately, no studies have been performed to assess whether 
patients with decreased in vitro effect from therapy with 
tbienopyridines suffer more thrombotic complications. 



GPIIb/llla Inhibitors 

The platelet GP Ilb/HIa receptor is a platelet-specific 
integrin that mediates platelet aggregation, binding fibrin- 
ogen and von Willebrand factor in a common response of 
platelets to stimulation by all agonists. The inhibitors of 
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GP Ilb/IIIa represent a class of drugs that compete with 
fibrinogen for occupancy of its platelet receptor and ther <s 
by restrict platelet aggregation. Abciximab (ReoPro), a 
monoclonal antibody Fab fragment, and other naturally 
occurring and synthetic peptide and nonpeptide antagon- 
ists of the GP Hb/IHa receptor have been thoroughly 
studied and proven to limit thrombotic complications 
during acute coron aiy events and after coronary interven- 
tions. 

The initial animal studies with abciximab suggested 
that blockade of >8Q% of the platelet GP Hb/ffla recep- 
tors - with a corresponding *80% inhibition of platelet 
aggregation - is necessary to arrest thrombosis in a throm- 
bogenic environment [49], In the largest study to date, 
platelet aggregation was measured in 97 patients receiving 
abciximab in conjunction with coronary angioplasty [50]. 
The degree of platelet inhibition was evaluated imme- 
diately after abciximab bolus (0.25 mg/kg), 8 h after 
beginning the 12-hour infusion (0,125 |Jg/kg/min) and the 
following day (13-26 h after the bolus). All patients but 
one achieved >80% platelet inhibition immediately after 
the infusion. Eight hours after the bolus, but still within 



the infusion period, 13% of the patients had a level of 
platelet blockade under 80%, implying a loss of meaning- 
ful protection against thrombosis in this group. By the 
next morning (13-26 h after the bolus), only 29% of 
patients continued to have >80% inhibition of platelet 
activity (fig, 4)- This study demonstrated a substantial 
variability in the capacity of abciximab to impede platelet 
aggregation in patients undergoing coronary angioplasty 
that was not predictable based on any clinical or hemato- 
logical parameters, and uncovered a subset of patients 
that maybe refractory to the antithrombotic effects of the 
recommended doses of abciximab. Interestingly, although 
this study was not designed to evaluate clinical outcomes, 
the investigators did find a significant increase in risk for 
adverse events in those patients with less than 80% plate- 
let inhibition at 8 h. 

Other studies in limited numbers of patients have sim- 
ilarly reflected a substantial heterogeneity in individual 
response to therapy with abciximab and other GP Ilb/nia 
inhibitors [5 1-56]. One study suggested that patients with 
unstable angina are more refractory to the antiplatelet 
effects of GP Ilb/IIIa blockade than patients with Stable 
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angina [57], The clinical impact of this heterogeneity in a 
large population receiving GP Ilb/IIIa inhibitors is cur^ 
rently unknown. 



The GOLD Study 

The purpose of the GOLD (from the chemical symbol 
for gold: AU - Assessing Uitegra) study is to identify the 
level of platelet inhibition at several time points in 
patients undergoing a PCI who are being treated with a 
GP Ilb/IIIa inhibitor, and to establish what level of inhi- 
bition is associated with the fewest thrombotic complica- 
tions. The study will also determine what percentage of 
patients achieves this level {58]. It will prospectively eval- 
uate the degree of platelet inhibition in 500 patients 
undergoing PCI who are being treated with any of the 
three currently approved GP Ilb/IIIa inhibitors - abcixi- 
mab, eptifihatide and tirofiban. In vitro platelet evalua- 
tion will be performed using the Ultegra-Rapid Platelet 
Function Assay (RPFA) (Accumetrics, San Diego, Calif., 
USA), an automated device that assesses platelet function 
in whole blood utilizing the ability of activated platelets to 
bind fibrinogen . Fibrinogen-coated polystyrene micropar- 
tides agglutinate in whole blood in proportion to the 
number of unblocked platelet GP Db/HIa receptors. Phar- 
macological blockade of GP Ilb/IIIa receptors prevents 
this interaction and subsequently diminishes agglutina- 
tion in proportion to the degree of receptor blockade 
achieved [59]. The Ultegra-RPFA has been validated 
against aggregometry in 120 patients undergoing PCI and 
treated with a GP Ilb/IIIa inhibitor [60]. Enrollment in 
the GOLD study concluded in late 1999. Preliminary 
results were presented at the 2000 American College of 
Cardiology Meeting and demonstrated a significant corre- 
lation between the level of platelet inhibition and the 
occurrence of major adverse cardiac events. 



Summary 

The concept of variable patient response to medication 
is not new to clinicians. It is common to expect patients 
with diabetes, hyperlipidemia and hypertension to dem- 
onstrate individual nuances in their response to medica- 
tions used to treat these disorders. Hie physician moni- 
tors the efficacy of treatment using various physical exam- 
ination findings and laboratory values and makes adjust- 
ments as needed to optimize care. 



Such is not the case with antiplatelet therapy. The cur- 
rent practice is to place all patients on the standard doses 
of antiplatelet agents and assume adequate protection 
from thrombotic complications without monitoring plate- 
let function in each individual. With new evidence sug- 
gesting significant heterogeneity in individual responses 
to all antiplatelet medications, a move toward laboratory- 
guided platelet inhibition may be warranted. 

Still, the question remains; if we identify a patient 
whose platelet function is not amply inhibited, what 
adjustment in therapy should we make to minimize 
thrombogenesis? Some research Jl2, 14, 24] suggests that 
aspirin resistance is at least partly a dose-dependant phe- 
nomenon and thai dose escalation in targeted individuals 
might enhance efficacy. But even these studies found a 
minority of patients who failed to exhibit appropriate 
platelet inactivation at the maximum aspirin dose. At 
least one small trial has found that patients whose platelet 
function was insufficiently inhibited on 8 1 mg of aspirin 
demonstrated a paradoxical increase in platelet activation 
on higher doses [611* Importantly, clinical trials have not 
uniformly supported the rationale of using higher dosing 
of antiplatelet medication to overcome the effect of drug 
resistance [20-23], These data suggest that alternative 
methods of platelet blockade must be sought for patients 
resistant to all doses of conventional antiplatelet medica- 
tion. At this point, the treatment strategy for such patients 
is far from perspicuous and may ultimately entail a com- 
bination of dosing changes and alternative medications. 

Variable degrees of platelet blockade, based on in vitro 
assays of platelet function, have been consistently demon- 
strated in persons taking aspirin, thienopyridines and GP 
Ilb/ina inhibitors. Small studies have suggested the clinical 
importance of this resistance to therapy to aspirin-treated 
patients. It appears that certain patients treated with GP 
nb/IIIa inhibitors are in jeopardy of increased thrombotic 
complications if they fail to show an adequate response to 
the drug as measured in the clinical laboratory. 

Despite the critical role of antiplatelet therapies in the 
treatment of cardiovascular diseases, there remain sub- 
stantial gaps in our knowledge regarding the clinical 
impact of inadequate platelet blockade in persons receiv- 
ing aspirin, ticlopidine, clopidogrel or the GP Ilb/IIIa 
inhibitors. The GOLD study is the first large-scale clinical 
trial to identify a link between measured platelet function 
and clinical outcomes in patients receiving GP Ilb/IUa- 
inhibiting drugs in the setting of coronary intervention. 
Its results are the first step towards prospective treatment 
trials guided by individual monitoring of patient platelet 
response to this class of medications. 
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The Lack of Augmentation by Aspirin of 
Inhibition of Platelet Reactivity 
by Ticlopldine 

Timothy P. Farrell, MD, Kelly B, Hayes, md, PhD, Burton E. Sobel, MD, and 

David J. Schneider, md 



A decreased threshold for platelet activation apparently 
contributes to the risk of cardiovascular events, such as 
acute myocardial infarction. To evaluate the impact of 
specific agents r we characterized platelet reactivity in 9 
healthy subjects before and after 5 days of ingestion of 
4 commonly prescribed regimens, 81 mg of aspirin 
daily, 325 mg of aspirin daily, ticlopidine 250 mg twice 
daily, and ticlopldine plus 325 mg of aspirin daily. 
Platelet reactivity was assessed with (1) aggregometry 
induced by 4 jliM adenosine diphospate (ADP) and col- 
lagen [0.19 mg/ml] and performed in platelet-rich plas- 
ma; and (2) flow cytometric determination of ADP-in- 
duced [0*2, 0.8/ and 1.5 /xM) P-selectin expression in 
whole blood. Because anticoagulants alter platelet reac- 
tivity, results were obtained with 3 anticoagulants, ci- 
trate, enoxaparin, or corn trypsin inhibitor (CTI, a spe- 
cific inhibitor of factor Xlla without effect on other 
coagulation factors). Ingestion of aspirin did not alter 



Increased platelet reactivity presages acute coronary 
syndromes in subjects with coronary disease and in 
otherwise healthy persons without clinical evidence of 
coronary disease. 1 "" 10 The administration of aspirin to 
patients with coronary artery disease decreases mor- 
tality and reduces the subsequent incidence of myo- 
cardial infarction. 2 ^ 5 Aspirin in combination with 
ticlopidine for 30 days decreases early closure after 
implantation of intracoronary stents. 11 

We have recently described an assay in which 
platelet reactivity in response to physiologic concen- 
trations of ADP is determined in whole blood with 
flow cytometry. 12 Because the specific anticoagulant 
into which blood is drawn is a determinant of platelet 
reactivity , we hypothesized that assessment of platelet 
reactivity in response to physiologic concentrations of 
ADP and with the use of corn trypsin inhibitor (CTI, 
a specific inhibitor of factor Xlla) as the anticoagulant 
would facilitate the accurate assessment of antiplatelet 
therapy on platelet reactivity. Accordingly, we char- 
acterized the effect of 4 commonly used antiplatelet 
regimens on ADP-induced a-granule degranulation 
and aggregation of platelets in blood anticoagulated 
with CTI, enoxaparin, or citrate. Platelet reactivity 
was determined before and after administration for 5 
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platelet activation as assessed with flow cytometry. In- 
hibition of the second phase of aggregation was seen 
with ADP-induced aggregation in platelet-rich plasma 
anticoagulated with citrate but not enoxaparin or CTI. 
Ingestion of ticlopldine led to inhibition of ADP-induced 
aggregation and P-selectin expression. Inhibition of 
platelet reactivity after the combination of aspirin and 
ticlopidine did not differ from ticlopidine alone. Marked 
interindlvidual variability in platelet reactivity was seen 
after ingestion of ticlopidine. The results indicate that 
assessment of effects of specific pharmacologic regimens 
with accurate and readily available assays of platelet 
reactivity may facilitate effective prophylaxis and treat- 
ment of high-risk subjects with antiplatelet regimens 
designed to optimally diminish platelet reactivity. 
©1999 by Excerpta Medica, Inc. 

(Am J Cardiol 1999;83:770-774] 



days of aspirin (81 and 325 mg daily), ticlopidine (250 
mg twice daily), and aspirin (325 mg) plus ticlopidine 
(250 mg twice daily), 

METHODS 

Subjects: Nine healthy men (21 to 38 years of age) 
without a significant medical history participated in a 
protocol approved by the University of Vermont In- 
stitutional Review Board and provided written in- 
formed consent. No subject had taken aspirin or any 
nonsteroidal anti-inflammatory medication for at least 
10 days before participation. Phlebotomy was per- 
formed by peripheral venipuncture between 8 A.M. 
and 1 1 A.M. in subjects who were not fasting. Appli- 
cation of tourniquets was limited to < 1 minute, and 
venipuncture was performed with a 19-gauge butterfly 
needle from an antecubital vein. After discarding the 
first 3 ml of blood, blood was drawn into a syringe 
prefllled with anticoagulant (trisodium citrate [0.129 
M, pH 6.0], enoxaparin [10 U/ml, Rhone-Poulenc 
Rorer, Collegeville, Pennsylvania], or CTI [32 /xg/ml, 
Fluka, Ronkonkoma, New York]). 

After baseline blood samples were taken, subjects 
ingested 81 mg of aspirin daily for 5 days. A second 
phlebotomy was then performed. Subsequently, each 
subject underwent a 10-day washout period in which 
no antiplatelet agents were ingested. The protocol was 
then repeated with subjects ingesting 325 mg of aspi- 
rin daily, 250 nig of ticlopidine twice a day, or 250 mg 
of ticlopidine twice a day in combination with 325 mg 
of aspirin daily in each case. One subject did not 
complete the combination of aspirin and ticlopidine 
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FIGURE 1 > ADP-induced P-sefectin expression in blood obtained from 9 subjects and anticoagulated with citrate, enoxaparin, and CTl 
{a specific inhibitor of factor Xlla). Degranulation of a. granules was detected by the surface expression of P-selectln with a phyco- 
erythrin confugated anti-CD62 and determined with flow cytometry, After basal determination of platelet reactivity, subjects ingested 
81 mg of aspirin (ASA) daily for 5 days. A 10-day washout period preceded repetition of the protocol with 325 mg of aspirin daily. 
Basal values represent the average determination of platelet reactivity before both regimens. The ingestion of aspirin did not inhibit 
ADP-induced P-selectin expression. Values are means ± SEM. 



regimen because of development of a rash after inges- 
tion of ticlopidine alone. 

Assays of platelet function: Flow cytometric assays 
were performed as previously described. 12 A 
aliquot of whole blood was incubated for 15 minutes 
in a reaction mixture that contained Hepes Tyrode 
buffer (5 niM HEPES, 137 mM NaCl, 2.7 mM 
NaHC0 3 > 0.36 mM NaH 2 P0 4> 2 mM CaCi 2) 4 mM 
MgCl 2 , and 5 mM dextrose, pH 7.4), a fluorescein 
isothiocyanate (FITC) conjugated antibody (HPI-1D) 
directed against the glycoprotein Ilb/IIIa (activation 
independent), and a phycoerythrin (PE)-conjugated 
anti-CD62 IgG (Becton Dickinson, San Jose, Califor- 
nia) directed against P-selectin. The FITC-HPI-1D 
was used to mark all platelets, and the anti-CD62 PE 
was used to mark platelets that had undergone ai-gran- 
ule degranulation. Assays were performed in triplicate 
with selected concentrations of ADP (0, 0.2, 0.8, 1.5 
jxM). After a 15-minute incubation, platelets were 
fixed and red blood cells lysed with Optilyse-C (Im- 
munotech, Westbrook, Maine), A control tube (con- 
taining FITC-HPI-1D and unfractionated iminuno- 
globuiin-G conjugated with PE) was included in each 
sample set to determine nonspecific antibody associ- 
ation with platelets. Association of antibodies with 
platelets was determined with the use of a fluores- 
cence-activated cell sorter (Becton Dickinson). 

Aggregometry was performed with platelet-rich 
plasma. Platelet-rich plasma was prepared conven- 
tionally by centrifugation (190 g, 15 minutes). Plate- 
let-poor plasma was obtained by centrifugation of 
platelet-rich plasma (20,000 g, 3 minutes). Aggrega- 
tion was performed in warmed (37°C) siliconized 
tubes, initiated with ADP (4 juM) and collagen (0.19 
mg/ml), and assayed in stirred platelet-rich plasma 
with the use of a PAP-4 aggregometer (BioData Corp, 
Horsham, Pennsylvania). Platelet-rich and platelet- 



poor plasma were used to define 0% and 100% aggre- 
gation, respectively. We chose to initiate aggregation 
with 4 juM ADP, because we have found that lower 
concentrations do not regularly initiate the second 
phase of aggregation. Collagen was used at a rela- 
tively high concentration to induce maximal aggrega- 
tion. 

Analysis of data: Values are means ± SEM. Results 
from aggregation studies are presented with respect to 
baseline determinations. Thus, the results reported re- 
flect the ratios of post-treatment to pretreatment val- 
ues. Significant differences between pretreatment and 
post- treatment values for the same subject were iden- 
tified with the use of a paired Student's t test. Com- 
parisons between groups were performed with the use 
of analysis of variance, 

RESULTS 

Aspirin and platelet reactivity: The daily ingestion 
of aspirin (81 mg or 325 mg) for 5 days did not inhibit 
ADP-induced P-selectin expression (Figure I). Simi- 
lar results were obtained with blood anticoagulated 
with CTl, citrate, or enoxaparin. The ingestion of 
aspirin inhibited maximal aggregation induced by 
ADP in platelet-rich plasma anticoagulated with ci- 
trate, an effect variably observed by others (Figure 2), 
This effect was secondary to inhibition of the second 
phase of aggregation (Figure 3). In contrast, no effect 
of aspirin was seen on maximal aggregation induced 
by ADP in blood anticoagulated with CTl or with 
enoxaparin. Maximal aggregation induced by collagen 
was not affected by ingestion of aspirin. Collagen- 
induced aggregation in platelet-rich plasma anticoag- 
ulated with citrate displayed a trend toward inhibition 
of aggregation that was not apparent with CTl or 
enoxaparin (Figure 2). The limited inhibition of col- 
lagen-induced aggregation after ingestion of aspirin 
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FIGURE 2, Maximal aggregation induced by 4 /xM ADP [rigM and collagen (0-19 mg/ml, /eft in p!ate!et-nch plasma prepared from 
blood cnticoagulated with citrate, enoxaparin, and CTI. Results are the percentage of pretreatment values from 9 subiecfs. After de- 
termination of pretreatment values, subjects ingested 81 mg of aspirin (ASA) daily for 5 days. A 10-day washout period preceded 
repetition of the protocol with 325 mg of aspirin daily, 250 mg of ticlopidine (Ticlid) twice daily, and ticlopidine plus aspirin 325 mg 
daily. Ingestion of 325 mg of aspirin daily inhibited maximal aggregation in platelet-rich plasma prepared from blood anticoagu- 
lated with citrate. Ingestion of ticlopidine and the combination of aspirin plus ticlopidine inhibited ADP-induced aggregation m blood 
treated with each anticoagulant Inhibition of aggregation was similar after ticlopidine and aspirin plus ticlopidine. Values are 
means ± SEM, *p <0.05 when results were compared with those obtained during baseline studies* ADP-induced aggregation was 
inhibited (p <0.05] after ingestion of aspirin and aspirin plus ticlopidine in each of the 3 anticoagulants. 
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FIGURE 3. Aggregation as 
measured by aggrego- 
metry induced by 4 
ADP depicting representa- 
tive results from 1 subject 
in platelet-rich plasma pre- 
pared from blood anfico- 
agulaled with citrate. Left, 
aggregation was induced 
by ADP before ingestion of 
325 mg of aspirin daily for 
5 days. First-phase and 
second-phase farrowj ag- 
gregation are present. 
Right, aggregation was 
induced by ADP after in- 
gestion of 325 mg of aspi- 
rin daily for 5 days. The 
second phase of aggrega- 
tion does not occur, and 
disaggregation is appar- 
ent. 



may be secondary to the concentration of collagen 
used in these studies. 

Ticlopidine and platelet reactivity: The ingestion of 
ticlopidine inhibited ADP-induced expression of P- 
selectin (Figure 4). The inhibition was apparent with 
all concentrations of ADP tested and with blood anti- 
coagulated with each of the 3 anticoagulants. On av- 
erage, the inhibition of ADP-induced P-selectin ex- 
pression was marked; however, substantial interindi- 
vidual variability was apparent (Figure 5), Consistent 
with the known mechanism of action of ticlopidine, 33 
ingestion for 5 days inhibited ADP-induced aggrega- 
tion but not collagen-induced aggregation (Figure 2). 



Inhibition of ADP-induced aggregation was apparent 
with each of the anticoagulants. Similar to results with 
ADP-induced P-selectin expression, marked interindi- 
vidual variability was apparent with ADP-induced ag- 
gregation. 

Aspirin plus ticlopidine and platelet reactivity: The 

combination of aspirin and ticlopidine inhibited ADP- 
induced P-selectin expression (Figure 4). Platelet re- 
activity in platelet-rich plasma prepared from blood 
anticoagulated with enoxaparin and CTI was greater 
after ingestion of aspirin and ticlopidine than after 
ingestion of ticlopidine alone. Once again, substantial 
interindividual variability was apparent (Figure 5). 
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FIGURE 4 ADP-induced P-selectin expression in blood obtained from 9 subjects and anticoagulated with citrate, enoxaparin, and CTI 
[a specific inhibitor of factor Xlla). Degranulation of oc granules was detected by the surface expression of P-selectin with a phyco- 
erytWcanjugated anti-CD62 and determined with flow cytometry. After basal determination of platelet reactivity, sublets ingested 
250 mg of ticlopidine twice daily for 5 days, A 10-day washout period preceded repetition of the protocol with 250 mg or ticlopidine 
twice daily plus 325 mg of aspirin daily. Basal values represent the average determination of platelet reactivity betore both regi- 
mens. The ingestion of ticlopidine and the ingestion of aspirin plus ticlopidine inhibited P-selectin expression J Wnse to W and 
1 5 «M ADP in each anticoagulant (p <0.001], The combination of aspirin and ticlopidine resulted in less inhibition ot platelet reac- 
tivity than ticlopidine alone in blood anticoagulated with enoxaparin and CTI (p <0.05). Values are means ± SEM. 



ADP-induced aggregation was inhibited by the 
combination of aspirin and ticlopidine (Figure 2). The 
inhibition was similar to that seen with ticlopidine 
alone. Aggregation induced by collagen was not re- 
duced significantly by the combination of aspirin and 
ticlopidine (Figure 2), ADP-induced aggregation var- 
ied from subject to subject in a manner similar to that 
seen with respect to ADP-induced P-selectin expres- 
sion. 

DISCUSSION 

Aspirin and platelet function: The involvement of 
platelets in thrombosis complicating plaque rupture 
and precipitating acute coronary syndromes has led to 
the development of treatment strategies designed to 
inhibit platelet function. 2 " 5 - 14 Treatment with aspirin 
reduces the incidence of coronary events, 2 " 5 - 14 One 
mechanism proposed is inhibition of platelet function. 
Roth and Majerus 15 demonstrated that the exposure of 
platelets to aspirin inhibits cyclooxygenase and thus 
decreases production of thromboxane A 2 . Aspirin- 
induced acetylation of serine at position 530 inhibits 
cyclooxygenase activity through stearic hindrance 
rather than through the modification of a catalytic 
function of cyclooxygenase l. 16 * 17 

Thromboxane A 2 , a platelet agonist, is released by 
activated platelets and leads to the recruitment of 
additional activated platelets. Based on our results, the 
effect of aspirin on platelet function appears to be 
mediated primarily through inhibition of formation of 
thromboxane A 2 . The ingestion of aspirin did not alter 
the activation process per se. That is, no change in the 
first phase of aggregation or in a-granule degranula- 
tion was seen after ingestion of aspirin for 5 days. 
Maximal aggregation induced by ADP was limited 
because of inhibition of the second phase of aggrega- 



tion. Thus, ingestion of aspirin inhibited recruitment 
of additional activated platelets. 

The inhibition of maximal aggregation induced by 
ADP in platelet-rich plasma prepared from blood an- 
ticoagulated with citrate was not apparent in platelet- 
rich plasma prepared from blood anticoagulated with 
CTI and enoxaparin. Thus, an inhibitory effect of 
aspirin was apparent only when platelet activation was 
assessed by aggregometry in response to ADP and in 
platelet-rich plasma prepared from blood anticoagu- 
lated with citrate. We have shown that the specific 
anticoagulant into which blood is drawn is a determi- 
nant of the observed reactivity of platelets. 12 Activa- 
tion of platelets in response to agonists is increased 
when platelets are exposed to chelators of calcium, 
such as EDTA and citrate. Thus, demonstration of 
inhibitory effects of aspirin only after exposure of 
platelets to citrate suggests that the inhibition could be 
an artifact associated with exposure of platelets to 
citrate in vitro. 

Ticlopidine and platelet activation: Ticlopidine is a 
prodrug that inhibits platelet function through inhibi- 
tion of the ADP receptor. 13 Maximal antiplatelet ef- 
fects are apparent after 3 to 5 days of ingestion. We 
observed a marked inhibition of ADP-induced aggre- 
gation of platelets and ADP-induced P-seiectin ex- 
pression after ingestion of ticlopidine for 5 days. This 
effect was seen in blood anticoagulated with each of 
the anticoagulants studied. 

The combination of aspirin plus ticlopidine inhib- 
ited ADP-induced aggregation and P-selectin expres- 
sion. Consistent with our results with aspirin alone, 
the inhibition of platelet reactivity was not reduced 
further after ingestion of aspirin and ticlopidine com- 
pared with ticlopidine alone. Thus, no additive anti- 
platelet effect was seen with the combination after 5 
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FIGURE 5. Expression of P-selectin in response to 0.8 /nM ADP 
(Aj and aggregation induced by 4 jM ADP (Bj in blood obtained 
from 9 subjects and antkoagulated with citrate, enoxaparin, and 
CTI [a specific inhibitor of factor Xtla), Degranulatian of a gran- 
ules was detected by the surface expression of P-selectin with a 
phycoerythrin-conjugated cmti-CD62 and determined with flow 
cytometry. After basal determination of platelet reactivity, sub- 
jects ingested 250 mg of ticlopidine twice daily for 5 days* A 
10-day washout period preceded repetition of the protocol with 
250 mg of ticlopidine twice daily plus 325 mg of aspirin daily. 
Values reflect the ratio of results after ingestion of the ticlopidine 
and ticlopidine plus aspirin divided by basal determination in 
each subject. Marked interindividual variability was apparent 
with both regimens in each anticoagulant. 

days. These results are in contrast to those reported 
with platelets from patients treated with intracoronary 
stents. 1 8 In this study, the combination of aspirin and 
ticlopidine led to a greater reduction in platelet reac- 
tivity than either aspirin alone or ticlopidine alone. 
Bossavy et al 19 found that thrombosis initiated in vitro 
by tissue factor was inhibited to a greater extent by the 
combination of aspirin and ticlopidine than by either 
agent alone. Thus, additive antiplatelet effects of as- 
pirin may be apparent after more prolonged exposure 
to aspirin, in subjects with atherosclerosis, and/or 
when thrombosis (the activation of both platelets and 
the coagulation cascade) is assessed. 

Despite the efficacy of inhibition of platelet func- 
tion that was seen when the group was analyzed as a 



whole, marked interindividual variability was appar- 
ent after ingestion of ticlopidine alone and after the 
combination of ticlopidine plus aspirin. Thus, when 
results were analyzed in a given subject, the inhibition 
of platelet function ranged from minimal to marked. 
These results suggest that widespread availability of 
accurate and precise monitoring of platelet function 
should facilitate titration of therapy to optimize ther- 
apy for individual patients. 

Clinical implications: Our results suggest that the 
combination of aspirin plus agents that inhibit primary 
activation events (such as ticlopidine, clopidogrel, and 
glycoprotein lib to Ilia inhibitors) may be beneficial in 
patients at high risk for cardiac events. The marked 
interindividual variability in response to ingestion of 
ticlopidine suggests that widespread implementation 
of accurate and precise methods for assessment of 
platelet reactivity, such as the approach developed for 
the present study, will facilitate institution of optimal 
therapy tailored to each patient 
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Summary 

Increased, platelet adhesion or aggregation are key events in the 
pathogenesis of cardiovascular diseases. Exact determination of the 
platelet activation state is essential to recognize, prevent, and treat 
cardiovascular complications due to platelet dysfunction. Initial phases 
of platelet activation and inhibition are characterized by phosphory- 
lation of specific intracellular proteins. However, methodological 
problems often prevent analysis of platelet protein phosphorylation 
under clinical conditions. A novel How cytometry-based method using 
a phosphorylation-specific antibody was developed for fast and easy 
quantification of the phosphorylation state of a specific intracellular 
platelet protein. This method was used to analyze various platelet 
receptors and their intracellular signaling which may be impaired in 
genetic or acquired disorders or altered due to therapeutic interventions. 
In a first clinical application, the inhibitory effects of ticloptdine and 
clopidogrel on the platelet P2Y AC ADP receptor were monitored. 

Introduction 

Platelet adhesion and activation are controlled via complex inter- 
actions between extracellular adhesive ligands, plasma membrane ad- 
hesion receptors, and intracellular cytoskeletal proteins. This interplay 
is coordinated by intracellular signaling molecules that regulate the 
activation state of platelets [reviewed in (3 , 2)\ Increased platelet ad- 
hesion or platelet aggregation arc crucial pathological events in arterial 
cardiovascular diseases. Platelet activation can occur under pathologi- 
cal blood flow conditions in areas of disrupted endothelial monolayer, 
as well as by a variety of agents released from activated and/or injured 
cardiovascular cells including platelets. Release of adenosine diphos- 
phate (ADP) has been recognized as a major factor in development of 
arterial thrombosis {3 } 4), This is also supported by the demonstration 
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that the thienopyridine derivatives ticloptdine and clopidogrel which 
selectively block ADP-induced platelet activation are very effective for 
treatment of vascular diseases associated with increased platelet activa- 
tion (5-7), Exact determination of the platelet activation state is there- 
fore a desirable clinical parameter to recognize and prevent cardio- 
vascular complications due to platelet dysfunction. Surface expression 
of P-selectm (CD62P) or formation of microparticles are widely used 
markers of platelet activation (8-10). These changes on the platelet 
surface, and formation of aggregates are easily detectable by means of 
flow cytometry, however, they appear in the later phases of platelet 
activation and also do not indicate all activation responses. Early 
changes in platelet activation involve phosphorylation of intracellular 
platelet proteins such as platelet p42 mitogen-activated protein kinase 
(MAPK), pleckstrin, as well as other intracellular signaling molecules 
(.11, 12), Furthermore, inhibition of platelet activation (e.g. by vaso- 
dilators or endothelium-derived factors) induces phosphorylation of 
various intracellular signaling molecules without affecting expression 
of platelet surface proteins [reviewed in (13)]. The vasodilator-stimu- 
lated phosphoprolein (VASP), a highly concentrated, cytoskeleton* and 
integrin-associated platelet protein, is such a marker protein for platelet 
inhibition, since its phosphorylation correlates very closely with 
inhibition of binding of soluble fibrinogen to platelet inlegrin ot lIb [3 3 
(glycoprotein Ub/lIIa) and inhibition of platelet aggregation (14), 
VASP has ihree different phosphorylation sites that are used by both 
cGMP-and cAMP-dependent protein kinases, however each kinase has 
a different preference for the individual phosphorylation sites (15). 
Recently, a phosphorylation-specific monoclonal antibody (1GC2) was 
developed that recognizes phosphorylation at serine 239, a site pre- 
ferred by cGMP-dependent. protein kinase, but used by both cAMP- 
and cGMP-dependent protein kinases in vitro and in intact cells (36). 

Here, we report the development of a new flow cytometry-based 
method to access detection of intracellular platelet protein phos- 
phorylation using a phosphorylation-specific monoclonal antibody. 
This technique was used to analyze intracellular inhibitory and stimula- 
tory pathways in human platelets, and to characterize several platelet- 
activating receptors, In a first clinical application, the in vivo effects 
of thienopyridine derivatives (ticlopidine/clopidogrel) on the platelet 
P2Y AC ADP receptor were detected and monitored by ex vivo flow 
cytometry experiments. 

Materials and Methods 

Materials 

Antibody 16C2 directed against serine 239-phosphorylated VASP and the 
polyclonal UA antibody have been described (16, 17). The cyclic nucleotide 
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Fig. 1 Sodium nitroprusside (SNP)-induced VASP phosphorylation in washed human platelets detected by flow cytometry (a) or Western blotting (b). Washed 
human platelets were incubated with 100 \iM SNP; at the time points indicated, aliquots of the platelet suspension were removed and slopped for Western blot- 
ting, or fixed with formaldehyde lor Jlow cytometry analysis. Fixed platelets were then permeabilized and stained with phospharylaiion-specific antibody 1 6C2 as 
described in Methods. Panel a) shows original How cytometry histograms of antibody 16C2 binding to serine 239-phosphorylated platelet VASP. Analyzed time 
points and mean fluorescence intensities are indicated. Panel b) shows an autoradiogram of Western blot analysis using serine 239 phosphorylation-spccific ami- 
body 1GC2 and a polyclonal VASP antiserum (M4) that recognizes both dephosphorylated and phosphorylated VASP, Panel c) indicates the analyzed region in 
a forward/side scatter dol blot of platelet flow cytometry analysis and the fluorescence signal of binding of a platelet-specific antibody against integrin a^fa 



analogs S-pCPT-cGMP and Sp-5,6-DCl-cBIMPS were obtained from BioLog 
(Bremen, Germany). Ticlopidtne (Tiklyd™) and clopidogrcl (Plavix™) were 
provided from Sanotl Winthrop (Munich, Germany). 

Isolation, Stimulation, Sample Preparation, and Flow Cytometry Analysis 
of Platelet-Rich Plasma or Washed Human Platelets 

Platelet-rich plasma (PRPJ or washed human platelets were isolated and 
stimulated with vasodilators as described previously (17, IS). At various time 
points, aliquots of the cell suspension were removed, and reactions were stop- 
ped for Western blot analysis by addition of 30% final concentration of SDS- 
slop solution as described previously (17). For flow cytometry, 3% (final con- 
centration) of methanol-frce formaldehyde was added, and samples were 
allowed to fix for 5 min at room temperature. Concentrations between 2% and 
5% of formaldehyde were tested and showed identical results of platelet VASP 
phosphorylation in flow cytometry analysis. Then, platelets were pelleted for 
10 s at 8000 X g, resuspended in 0.2% Triton X-100 in phosphate-buffered 
saline (PBS), and permeabilized for 10 min at room temperature. Platelets 
were pelleted for \ min at 2700 X g and resuspended in PBS. Antibody 16C2 
(anli-phospho-VASP) was added in a final concentration of 2.4 ng/ml, and 
incubated for 30 min at room temperature. Then, the platelet suspension was 
centrifuged for 1 min m 2700 X g, platelet pelleis were resuspended in PBS 
with 25 jig/ml fluorescein isothiocyanate (FlTC)-conjugated, affinity-purified 
goat anti-mouse IgO (Sigma, St. Louis, MO), and incubated for 20 min at 4° C 
in the dark. Platelets were washed one more time with PBS, and analyzed at low 
flow rate on a Becton Dickinson FACSCalibur. The instrument settings used 
were: forward scatter: E00, side scatter 337 V, fluorescence channel 1: 600 V. 
Ail three detectors were set la logarithmic amplification. The platelet 
population was identified on its forward and side scatter distribution, and 
15,000 platelet events were analyzed for mean fluorescence using CELLQuest 
software, version 3Jf. 

Stimulation, Sample Preparation, and Flow Cytometry Analysis 
of Whole Blood 

Citrate- anticoagulalcd blood was incubated with vasodilators at 37° C. At 
various time points, aliquots were removed, and reactions were slopped by ad- 
dition of 3% final concentration of methanol-frec formaldehyde and allowed to 



fix for 10 min at room temperature. Then, samples were centrifuged for 20 s at 
2900 X g in a microcentrifuge, and PRP-likc supernatant was transferred to a new 
microfugetube. Platelets were pelleted for 10 s at S000 X g, resuspended in 0.2% 
Triton X-100 in PBS, and permeabilized for 10 min at room temperature. 
Staining with antibodies and flow cytometry analysis of platelets were performed 
as described above for platelet-rich plasma and washed human platelets. 

Western Blotting and Quantification 

Western blotting onto nitrocellulose was performed as described previously 
(1 7} using 6% powdered milk in phosphate-butTered saline with 0,05% Tween- 
20 (PBS/Tween) as a blocking solution and 3% powdered milk in PBS/Tween 
for antibody incubation. Antibody 16C2 was used in a concentration of 
0.5 p-g/ml. Fmmuiioreacliviiy was determined using affinity-isolated, peroxidase- 
conjugated goat anti-mouse lgG (1:3000) (BioRad, Hercules, CA) and the 
ECL chcmilumincsccnce reaction (Amersham Corp,, Arlington Heights, IL), 
Intensity of these Western blot bands was quantified by densitometry on a 
Macintosh computer using N1H Image software, version 1.61. All labeled 
bands were analyzed within the linear range forthe chemiluminescence reaction. 

Incubation of Whole Blood with Human Umbilical Vein Endothelial Cells 

A monolayer of cultured human umbilical vein endothelial cells (HUVECs) 
was coincubated with cilrale-anticoagulaled whole blood as described pre- 
viously (19), At various lime points, aliquots of whole blood were removed and 
processed for (low cytometry analysis as described above. 

Volunteers 

Thienopyridine derivatives effects were studied in platelets obtained from 
healthy volunteers (age range 23-49 years) who received a 7-day medication of 
either ticlopidine (500 mg/day) or clopidogrcl (75 mg/day). Blood samples 
were taken before, on several days during, and up to 4 weeks after the end 
of treatment. Preparation and stimulation of platelct-rich plasma (PRP), and 
analysis of platelet VASP phosphorylation were performed as described above. 
All investigations reported here were approved by the ethics committee of our 
university and performed according to die guidelines of the declaration of 
Helsinki. Informed consent was obtained from all volunteers. 
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Fig. 2 Specificity of flow cytometry analysis of serine 239-phosphoryIated 
VASP in human platelets using antibody 16C2. Washed plalclets were incu- 
bated for 3 min with 10 jjlM PG-E, to stimulate VASP phosphorylation. Flow 
cytometry analysis was performed without addition of a primary antibody (a), 
with addition of antibody 16C2 which had been preincubated with a 200-fold 
molar excess of a VASP peptide containing phosphorylated serine 239 (&), with 
addition of antibody 16C2 (c), or with addition of antibody I6C2 which had 
been preincubated with a 200-fold molar excess of an identical VASP peptide 
with non-pbosphorylatcd serine 239 (d). Mean values of fluorescence are indi- 
cated, and a representative experiment is shown 



Results 

Flow Cytometry Analysis of Intracellular Platelet Protein 
Phosphorylation 

The phosphorylation-specific antibody 16C2 is an established tool 
to analyze vasodilator-stimulated phosphoprotein (VASP) phos- 
phorylation in cardiovascular cells by standard Western blot technique 
(16). However, exact quantification of phosphorylated VASP by this 
technique is time consuming and cannot be performed with whole 
blood. Therefore, we investigated, whether flow cytometry can be used 
for fast and easy quantification of specific platelet VASP phosphoryla- 
tion. Washed human platelets were incubated with 100 u,M sodium 
nitroprusside (SNP), and at certain time points aliquots of the platelet 
suspension were removed, immediately fixed, permeabilized, and 
stained with antibody 16C2 as described in Methods. Analysis by flow 
cytometry detected a time-dependent increase in fluorescence signal 
corresponding to increased VASP phosphorylation {Fig. la). The 
increased flow cytometry fluorescence signal correlated closely to in- 
creased VASP phosphorylation detected by parallel Western blot anal- 
ysis (Figs, lb and 3). The amount of VASP in the samples was not af- 
fected by this treatment as determined by flow cytometry or Western 
blot technique using a polyclonal ami-VASP antibody (antibody M4) 
that recognized both phospho- and dephospho-VASP {Fig. lb, flow 
cytometry data not shown). Parallel staining with a platelet-specific 
antibody against integrin « ]ft p 3 ensured platelet identity of the analyzed 
events (Fig. lc). 

Specificity of Flow Cytometry Analysis 

To demonstrate specificity of flow cytometry analysis of intracellu- 
lar VASP phosphorylation, antibody 16C2 was preincubated with 
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Fig, 3 Comparison of vasodilator-stimulated VASP phosphorylation at serine 
239 in washed human platelets analyzed by flow cytometry or Western blot 
technique. Washed human platelets were incubated with 100 jiM SNP fa) or 
10 jjlM PG-E, (b), at the time points indicated aliquots of the platelet suspen- 
sion were removed and analyzed by now cytometry or Western blotting in 
parallel. The histograms demonstrate the mean fluorescence of 16C2 binding 
analyzed by flow cytometry (open bars), or Western blot detection of VASP 
phosphorylation using antibody 16C2 and image analysis of the autoradio- 
grams (filled bars). Data represent means ± SEM of 4 independent experiments 



peptides representing the recognition sequence of antibody 16C2 
(VASP amino acids 232 to 246) with phosphorylated or non-phos- 
phorylated serine 239, and Ehen used for flow cytometry analysis. The 
serine 239-phosphorylated peptide blocked antibody 1 6C2 binding to 
phosphorylated platelet VASP completely (compare Figs. 2a and 2b), 
while the non-phosphorylated control peptide had no effect on anti- 
body 1 6C2 binding (compare Figs, 2c and 2d). Furthermore, staining of 
unstimulated and prostagtandin-stimulatcd platelets with unspecific 
antibodies of the same isotype as antibody \6C2 led to fluorescence 
intensities in the magnitude of the background signal with secondary 
antibody alone (data not shown). The analysis of specificity was per- 
formed in washed platelets as well as in whole blood. 

Comparison of Flow Cytometry and Western Blot Analysis 

To confirm that results of flow cytometry analysis of VASP phos- 
phorylation are equal to data obtained by an established method like 
Western blotting, we stimulated VASP phosphorylation in washed 
human platelets with various vasodilators, removed identical samples, 
and analyzed them in parallel by flow cytometry or Western blotting. 
Autoradiograms were quantified by image analysis. Comparison of 
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F/jgi < Time course of platelet VASP phosphoiylation in whole blood after stimulation with sodium mtroprusside, the cGMP analog 8-pCPT-cGMP, prosta- 
glandin E it or after coincubation with human umbilical vein endothelial cells (HUVECs) analyzed by flow cytometry. Citrale-anlicoagulated whole blood was in- 
cubated with 100 uM SNP (open bars), 1 mM 3-pCPT-cGMP (hatched bars), 1 0 |iM PG-E] (grey bars), or coincubated with a monolayer of HUVECs (dark bars). 
At the time points indicated ahquots of the platelet suspension were removed and analyzed for serine 239 VASP phosphorylation by flow cytomelry as described 
in Methods, Histograms show mean fluorescence of antibody 16C2 binding, Data represent means ± SEM of 3 independent experiments 



flow cytometry and Western blot analysis results demonstrated a close 
correlation between both methods after stimulation of platelets with 
100 julM SNP (Fig, 3a) or 10 jlM prostaglandin E, (PG-E t ) (Fig. 3b). 
Close correlation was also found after stimulation of platelets with 
lower concentrations of these vasodilators (1 \M SNP or 10 nM 
PG-E|) or stimulation with cell membrane-permeable cGMP or cAMP 
analogs (1 mM 8-pC.PT-cGMP or 1 mM Sp-5,6-DCI-cBlMPS, respec- 
tively) (data not shown). 

Flow Cytometry Analysis of Intracellular Platelet VASP 
Phosphorylation in Whole Blood 

In contrast to most classical methods for detection of protein phos- 
phorylation, flow cytometry analysis of surface (8-10) and intracellular 
proteins can be easily performed with whole blood samples. We com- 



pared the ability of various vasodilators to induce platelet VASP phos- 
phorylation in whole blood. Stimulation of whole blood with 100 \iM 
SNP induced very poor platelet VASP phosphorylation (Fig. 4), This 
weak effect of SNP (in contrast to the strong effects observed with 
washed platelets) might be due to the presence of free hemoglobin in 
our whole blood assay system, since incubation with 1 mM of the 
cGMP analog 8-pCPT-cGMP induced strong VASP phosphorylation 
(Fig, 4) that was comparable to the fluorescence signal obtained in 
washed platelets after stimulation with this analog (data not shown). 
Furthermore, incubation of whole blood with 10 pM PG-E l induced 
VASP phosphorylation similar to that in washed platelets (Figs, 3 
and 4), Indeed, 0.53 ± 0,04 gfl free hemoglobin (mean ± SEM of 
4 independent measurements) was detected in the PRP fraction of a 
whole blood sample. Free hemoglobin as well as hemoglobin within 
washed erythrocytes have been shown to inhibit nitric oxide (NO) 
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Fig. 5 Analysis of receptor-regulated intracellular signaling 
pathways in platelets by Western blotting or flow cytometry. 
Plalelct-rich plasma (PRP) was incubated for 3 min with 3 jlM 
PG-E j without or with 55 p,M epinephrine, I p,M of the 
thromboxane analog U46619 (TxAJ, or 20 jiM ADP as 
indicated. Analysis of platelet VASP phosphorylation using 
antibody 16C2 was performed as described in Methods, 
A representative Western blot (left panel) and a representative 
original flow cytometry histogram overlay (right panel) is shown 
for each substance (panel a to c)- Panel d) shows effects ofa 
7-day liclopidine treatment (500 mg/day) on ADP-induced 
inhibition of PG*E r stimu!atcd platelet VASP phosphorylation 
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Fig. 6 Effects of clopidogrcl on ADP-induced inhibition of PG-E r stiniulateci platelet VASP phosphorylation. PRP of 5 volunteers was analyzed before, at the 
end of a 7-day clopidogrcl intake, and 4 weeks after clopidogrcl treatment was stopped. PRP was incubated for 3 min with 5 pM ADP alone or both 30 nM PG-E, 
and 5 pJM ADP, and analyzed for platelet VASP phosphorylation by flow cytometry. Fluorescence intensities are corrected for non-specific binding of secondary 
antibody. Mean fluorescence of platelets stimulated with ADP alone was only slightly above background staining. Fluorescence data shown in this figure indicate 
the extent of VASP serine 239 phosphorylation evoked by the combination of ADP and PG-Ej relative lo that observed with ADP alone (FL^nk^/FL^). 
A factor of 1 ,0 or be!ow indicates complete inhibition of PG-E r stimulated VASP phosphorylation by ADP, a factor >1 ,0 indicaies detectable PG-E r stirnu!atcd 
VASP phosphorylation despite the presence of ADP, In pane! a data are shown for each individual. Panel d shows mean ± SEM of all 5 volunteers 



effects on human platelets (20-22). To test whether factors released 
from human endothelial cells can induce detectable VASP phos- 
phorylation in this system, whole blood was incubated with a nearly 
confluent monolayer of human umbilical vein endothelial cells 
(HUVECs), At certain rime points, aliquots of the blood were removed 
and analyzed by flow cytometry. Factors released from HUVECs in- 
duced rapid and strong phosphorylation of platelet VASP in vitro 
(Fig. 4). Flow cytometry analysis of platelet protein phosphorylation 
requires very little blood volumes. Detection of PG-E, -stimulated 
platelet VASP phosphorylation in as little as 30 jxl whole blood ob- 
tained from a mouse was successful (data not shown). 

Flow Cytometry Analyst of Receptor-Regulated Intracellular 
Signaling Pathways 

Flow cytometry of intracellular protein phosphorylation is a useful 
tool to assess and characterize platelet receptors and their intracellular 
signaling mechanisms. Several receptor-dependent platelet activators 
are known, e.g. ADP, thrombin, epinephrine, or thromboxane A 2 
(TxAj)- To test effects of these activators on platelet VASP phos- 
phorylation, platelet-rich plasma was incubated with buffer, 20 jlM 
ADP, 55 pJM epinephrine or 1 p>M of the TxA 2 analog U46619 in the 
presence or absence of 3 \M PG-E,. Incubation of PRP with 
epinephrine, U46619 or ADP alone for 3 min did not induce VASP 
phosphorylation (Fig, 5, lane 3). Incubation with PG-E, induced strong 
VASP phosphorylation in platelets at serine 239 as demonstrated by 
Western blotting (Fig. 5, Sane 2), However, co-stimulation of platelets 
with PG-Iij and epinephrine or ADP almost completely inhibited 
PG-E,-induced VASP phosphorylation (Figs. 5a and 5c, lane 4, and flow 
cytometry histograms), an effect also observed with 1 U/ml thrombin 
in washed platelets (data not shown). In contrast, co-incubation of 
PG-E, and U4661 9 had no inhibitory effect on PG-£ r stimulated VASP 
phosphorylation (Fig. 5b, lane 4, and flow cytometry histogram). 

In Vivo Monitoring of Platelet Inhibition by Wwnopyridmes 

'fhienopyridines (ticlopidinc and clopidogrel) are potent inhibitors 
of ADP-induced platelet activation, resulting in nearly complete in- 
hibition of ADP-stimulated platelet aggregation (5, 7). As previously 
shown, thienopyridines inhibit a Gj protein-coupled P2Y AC ADP recep- 



tor in platelets, which is also responsible for the inhibitory effect 
of ADP on platelet adenyiyl cyclase (23). In vivo treatment with ticb- 
pidine should therefore attenuate the ADP-induced inhibition of 
cAMP-stimulatcd VASP phosphorylation. 

Two volunteers were treated for 7 days with ticlopidinc, blood 
samples were taken before (day 0), at several time points during (days 1 
to 7) and for up to 3 weeks after ticlopidine intake. Blood of a non- 
treated control person was analyzed at the same time points. PRP was 
isolated from these samples, stimulated with ADP, PG-E, , or both ADP 
and PG-E, for 3 min and then analyzed for VASP phosphorylation by 
flow cytometry. After 4 days of ticlopidine intake, ADP-regulated 
inhibition of PG-E r mduced VASP phosphorylation was suppressed, 



Table 1 Time course of ticlopidine effects on platelet VASP phosphorylation 
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and a marked increase in VASP phosphorylation was detectable after 
stimulation with PG-E, and ADP compared to the analysis prior to 
ticlopidine intake (Table 1, See also the corresponding Western blot 
analysis in Figs. 5c and d). The untreated control person showed 
complete inhibition of PG-Ej-induced VASP phosphorylation at all 
analyzed time points (Table 1). The ticlopidine effect reached its maxi- 
mum between day 4 and day 1 0, depending on the individual volunteer, 
and was detectable for up to 1 1 days after ticlopidine intake was stop- 
ped (Table 1). All ADP effects were normalized again i8 days after 
ticlopidine treatment was ended (Table 1). 

In a follow-up study with 5 volunteers, ADP-induced suppression 
of VASP phosphorylation was analyzed before, at the end of a 7-d.ay 
clopidogrel treatment, and 4 weeks after clopidogrel intake was stop- 
ped. Fig. 6 demonstrates complete inhibition of PG-E r stimulated 
VASP phosphorylation by ADP before and 4 weeks after clopidogrel 
intake was discontinued, however, clopidogrel treatment blocked this 
ADP inhibitory effect and increased VASP phosphorylation signifi- 
cantly (p « 0,04, paired t-tesl) (Figs. 6a and b). The individual 
volunteers responded differently to clopidogrel (Fig. 6a), an effect that 
correlated with comparable differences in the degree of inhibition of 
ADP-induced platelet aggregation (data not shown), and might reflect 
differences in the responsiveness to thienopyridines. 

Discussion 

The results of this study allow three major conclusions: 
1 . Flow cytometry is capable of detecting and quantifying specific 
intracellular protein phosphorylation in human platelets, as demon- 
strated by the analysis of VASP phosphorylation. 

2. Flow cytometry measurement of VASP phosphorylation allows the 
functional characterization of several human platelet receptors (e,g, 
ADP, thrombin, prostaglandin receptors) and intracellular signaling 
pathways {NO-, cGMP-, and cAMP-mcdiated pathways), 

3. Flow cytometry analysis of VASP phosphorylation in human plate- 
lets detects an inhibitory effect of ticlopidine and clopidogrel on 
ADP-rcgu!ated VASP phosphorylation which is mediated by the 
platelet P2 Y AC ADP receptor. 

Previously, flow cytometry analysis of platelet function has been 
primarily used to delect activation markers on the platelet surface 
(e.g. P-Selectin CD62P), changes in the activation state of surface 
receptors (e.g, integrin a I]b (5j), and formation of platelet microparticles 
or aggregates [reviewed in (10)]. However, these parameters indicate 
only final steps of platelet activation. For the early phases of platelet 
activation by platelet agonists, classical biochemical methods have 
demonstrated a dramatic increase in phosphorylation of several signal- 
ing molecules such as p42 MAPJC (at threonine 202 and tyrosine 204), 
several non-receptor-type protein tyrosine kinases like pp60src and 
pp72sykand the focal adhesion kinase ppl25FAK.(l 1, 24-27), In a first 
approach we successfully used antibody 1 2D4 which is directed against 
di-phosphorylatedp42/p44 MAPK for detection ofMAPK activation in 
thrombin-stimulated platelets using flow cytometry (data not shown). 
In the future, it should be possible to extend these studies to other 
proteins phosphorylatcd during platelet activation. Molecules of in- 
terest include protein tyrosine kinases and their substrates, myosin light 
chains, the protein kinase C substrate pleckstrin, and cytoplasmic 
domains of integrin ct m fa (12, 24-32). 

However, understanding of platelet function not only requires the 
analysis of activators and activation cascades but also the measurement 
of inhibitory pathways. Potent platelet inhibitors like cyclic nucleotide- 
elevating vasodilators and/or endothelial factors (i.e. NO and prosta- 



cyclin) stimulate the phosphorylation of certain intracellular proteins 
like VASP, rap I-b, MLCK and other signaling molecules [reviewed in 
(13)]. The focal adhesion-associated protein VASP is the only common 
substrate of both cGMP- and cAMP-dependent protein kinases which 
are activated in response to cGMP- and cAMP-elevatmg platelet in- 
hibitors, respectively (13-19). VASP phosphorylation closely corre- 
lates with inhibition of platelet activation and in particular with inhibi- 
tion of soluble fibrinogen binding to its receptor integrin a in ,p 3 (1, 14), 
Therefore, VASP phosphorylation has been found to be a useful marker 
for platelet inhibition. 

However, the rapid time course of VASP phosphorylation/dephos- 
phorylation in intact human platelets (17) and the limitations of con- 
ventional biochemical techniques so far permitted the analysis of VASP 
phosphorylation only in washed platelets or PRP, Here, flow cytometry 
analysis with the newly-developed monoclonal antibody 16C2 demon- 
strated that this technique can be used to quantify serine 239-specific 
VASP phosphorylation in washed human platelets, and platelets of PRP 
and whole blood (Figs, 1-4). Whenever a direct comparison was pos- 
sible, the extent of VASP phosphorylation measured by flow cytometry 
closely correlated with that observed by the conventional Western blot 
technique (Figs, 1 and 3), The possibility of measuring the state of 
VASP phosphorylation in whole blood by flow cytometry could be 
of considerable clinical relevance. Direct fixation of whole blood 
immediately after obtaining the blood sample, without any further 
manipulation, followed by flow cytometry could measure the state of in 
vivo VASP phosphorylation at the time point and site at which the 
blood sample was obtained. Since VASP serine 239 is phosphorylated 
in response to both cAMP- and cGMP-elevating agents such as NO and 
prostacyclin, VASP phosphorylation analyzed by flow cytometry may 
therefore be useful to monitor in vivo endothelial function/dysfunction 
and the in vivo effects of NO-, prostaglandin- and phosphodiestcrase- 
based platelet inhibitors and vasodilators. Recently, it was shown that 
acetylcholme-stimulated NO release from endothelial cells inhibited 
platelet aggregation, and that this effect was attenuated in patients with 
atherosclerosis and endothelial dysfunction (33). Our experiments with 
cultured human endothelial cells (Fig. 4) indicate that the technique 
described is suitable to detect endothelial cell-platelet interactions. 

The measurement of VASP serine 239 phosphorylation by flow 
cytometry can also be used for functional analysis of platelet activators 
and their receptors that negatively influence cAMP-regulated signal 
transduction pathways. Both Western blot and flow cytometry analysis 
demonstrated that epinephrine, ADP, and thrombin (but not the throm- 
boxane analog U466 1 9) strongly inhibited PG-E r stimulation of VASP 
serine 239 phosphorylation (Fig. 5, thrombin data not shown). These 
data agree with published information that some platelet activators such 
as thrombin, epinephrine and ADP activate G| protein-coupled recep- 
tors that induce the release of Gotj summits and inhibition of adenylyl 
cyclase (34). Our data demonstrate that these G r couplcd receptors can 
be analyzed by flow cytometry which should be helpful for the rapid 
analysis and screening of diseases and conditions in which receptor 
defects or impairment are suspected. Single case reports of changes in 
phosphorylation or intracellular signaling have been described. In two 
independent patients with inherited bleeding disorders, a defective 
interaction between ADP and its receptors on platelets was found (35, 
36). In these platelets, fibrinogen binding to integrin a lltj p 3 was de- 
creased, and ADP was unable to lower cAMP levels, an effect easily 
delectable by the determination of platelet VASP phosphorylation. A 
variety of other genetic or acquired defects in human platelets which 
may contribute to enhanced risk of thrombotic or hemorrhagic disor- 
ders have been identified, i,e, an inherited defect in platelet responses to 
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nitric oxide in a family with history of arterial thrombosis, and defi- 
ciencies in cGMP-regulated platelet signaling in patients with chronic 
myelocytic leukemia (18, 37), Platelet sipal transduction defects with 
Goe subunit dysfunction and diminished Get in a patient with abnormal 
platelet responses have been reported (38). Defective signal transduc- 
tion through the thromboxane A 3 receptor in a patient with a mild bleed- 
ing disorder resulted in deficiency of the inositol 1,4,5-trisphosphate 
formation, probably due to a defect in phospholipase C activation (39), 

The flow cytometry method for detection of intracellular platelet 
protein phosphorylation will allow rapid and easy screening for such 
deficiencies in receptor/enzyme activities. In a first clinical application, 
we used this method for the analysis of platelet inhibitors thought to 
function as ADP receptor antagonists. The thienopyridines ticlopidine 
and clopidogrel selectively impair ADP-stimulated platelet aggregation 
but their precise mechanism of action is not well understood (5, 7). 
Recently, our group (23) and others (40-43) identified and character- 
ized three distinct human platelet ADP receptors. Treatment of human 
volunteers with ticlopidine did not affect the ADP receptors coupled to 
rapid calcium influx (P2X1 ADP receptor) and calcium mobilization 
(P2Y1 ADP receptor) (23), an effect also observed in platelets from 
dopidogrcl-treatcd rats (44) or human platelets from volunteers treated 
with clopidogrel (45). Our present data, obtained by both Western blot 
and flow cytometry analysis, demonstrate that treatment of human 
volunteers with either ticlopidine or clopidogrel strongly attenuated the 
inhibitory effect of ADP (but not that of epinephrine, data not shown) 
on prostaglandin Ej -stimulated, cAMP-mediatcd VASP serine 239 
phosphorylation (Figs, 5 and 6, and Table 1). These results also 
demonstrate that the G; protein-coupled human platelet P2Y AC ADP 
receptor is the primary in vivo target of the thicnopyridine-based plate- 
let inhibitors ticlopidine and clopidogrel. This P2Y AC ADP receptor, 
which has not yet been cloned, is impaired by these platelet inhibitors 
with remarkable selectivity since other ADP receptors and other Gj 
protein^couplcd receptors were not affected. Our data with respect to 
time course, extent, and wash-out phase also indicate that flow cyto- 
metry analysis of VASP phosphorylation is a useful method to monitor 
the in vivo effects of ticlopidine and clopidogrel which are known 
to be essentially irreversible platelet inhibitors requiring in vivo activa- 
tion/metabolism (5, 7), 

In conclusion, flow cytometry analysis of platelet VASP phos- 
phorylation has been demonstrated here as a new parameter for the 
analysis of platelet function which should be useful in the future for 
both basic and clinical investigations. Applications include the analysis 
of platelet inhibitors with respect to their mechanisms of action and 
monitoring of their therapeutic efficacy. Other applications include 
the analysis of genetic and acquired defects in platelet receptors and 
signaling. Also, the possibility of analysing mouse and rat platelets 
(Eigcnthaler M, unpublished data) should be of considerable interest 
considering the important role of genetic rodent models for cardiovas- 
cular research, Clearly, flow cytometry measurement of protein phos- 
phorylation is not limited to the analysis of VASP phosphorylation 
as demonstrated here. The increasing availubility of phosphorylation- 
specific antibodies in combination with the method developed here will 
broaden the possibilities of flow cytometry analysis in clinical diagno- 
sis and research. 

Acknowledgements 

We would like to thank J, Brich and P. Honig-Licdl for support with ticlopi- 
dine and clopidogrel experiments, and S. M. Lohmann for critically reading the 
manuscript. 



References 

1 , Eigcnthaler M, Shaltil S I Integrin Signaling and the Platelet Cytoskclcton, 
Current Topics in Membranes 1996; 43: 265-9 1. 

2, Shaltil SJ, Ginsberg Mil Integrin signaling in vascular biology. J Clin 
Invest 1997; 100: S9I-5. 

3, Gaardner A, Jonsen J, Laland S, Hcllem A, Owen PA. Adenosine diphos- 
phate in red cells as a factor in the adhesiveness of human blood platelets. 
Nature 1961; 192:531-2. 

4, Born GVR. Adenosine diphosphate as a mediator of platelet aggregation in 
vivo: an editorial point of view. Circulation 1 9S5; 72: 741 -2. 

5, SchroYK. Antiplatelet drugs, A comparative review. Drugs 1995; 50: 7-28, 

6, A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk 
of ischacmic events (CAPRIE). CAPRIE Steering Committee. Lancet 
1996;348:1329-39. 

7, Savi P, Heilmann E, Nurden P, Laplace M*C, Bihour C> KiciTer G, Nurdcn 
AT, Herbert J-M. Clopidogrel: an antithrombotic drug acting on the ADP- 
dependent activation pathway of human platelets, Clin Appl Thrombosis/ 
Hemostasia 1996; 2: 3542, 

S. Shattil SJ, Cunningham M, Hoxic JA, Detection of activated platelets in 
whole blood using activation-dependent monoclonal antibodies and fiow 
cytometry. Blood 1987; 70: 307-15. 

9. Abraras CS, Ellison N, Budzynski AZ 3 Shattil SJ. Direct detection of 
activated platelets and platelet-derived mtcroptulicles in humans. Blood 
1990;75: 128-38. 

10. Michelson AD. Flow cytoriietry: a clinical test of platelet function. Blood 
1996; 87: 4925*36. 

1 1. Papltoff J, Chen RH, Blcnis J, Foreman J. p42 mitogcn-actiY&icd protein 
kinase and p90 ribosomal S6 kinase are selectively phosphorylated and 
activated during thrombin-induced platelet activation and aggregation. Mol 
Cell Biol 1994; 14: 463-72, 

12. Abrams CS, Zhao W, Bclmonte E, Brass LF. Protein kinase C regulates 
plcckslrin by phosphorylation of sites adjacent to the N-terminal pleckstrin 
homology domain. J Biol Chein 1995; 270: 23317-21. 

1 3. Eigenthaler M, Walter U, Signal transduction and cyclic nucleotides in 
human platelets. Thromb Haemorrh Disorders 1 994; 8: 41 -6. 

14. Horslrup K, Jablonka B, Honig-Licdl P, Just M, Kochsick K, Walter U. 
Phosphorylation of focal adhesion vasodilator-stimulated phosphoprotein 
at Scr!57 in intact human platelets correlates with fibrinogen receptor in- 
hibition. Eur J Biochem 1 994; 225: 21 -7, 

15. Butt E, Abel K, Krieger M, Palm D, Hoppe V, Hoppe J r Walter U. cAMP- 
and cGMP-dependenl protein kinase phosphorylation sties of the focal 
adhesion vasodilator-stimulated phosphoprotein (VASP) in vitro and in 
intact human platelets. J Biol Chem 1994; 269: 14509-17. 

16. Smolensk] A, Bachmann Q Rcinhard K, Honig-Liedl P, Jarchau T, 
Hoschuelzky H, Waller U. Analysis and regulation of vasodilator-stimu- 
lated phosphoprotein serine 239 phosphorylation in vitro and in intact cells 
using a phosphospecific monoclonal antibody, J Biol Chem 1998: 273: 
20029-35. 

17. Eigenthaler M, Nolte C, Halbriigge M, Walter U Concentration and regu- 
lation of cyclic nucleotides, cyclic-nuelcotidc-dependent protein kinases 
and one of their major substrates in human platelets. Estimating the rate of 
cAMP-rcgulated and cGMP-regulatcd prolein phosphorylation in intact 
cells. Eur J Biochem 1992; 205: 471-81. 

18. Eigenthaler M, Ullrich H, Geigcr J, Horstrup K, Honig-Liedl P, Wiebecke 
D, Walter U. Defective nitrovasodilator-stimulated protein phosphorylation 
and calcium regulation in cGMP-dependent protein kinasc-deficient human 
platelets of chronic myelocytic leukemia. J Biol Chem 1993; 268: 1 3526-3 1 . 

19. Nolte C, Eigenthaler M, Schanzenbacher P> Waller U. Endothelial cell- 
dependent phosphorylation of a platelet protein mediated by cAMP- and 
cGMP-elcvating factors J Biol Chem 1991; 2.66: 14808-12. 

20. Martin W, Villani GM, Jothianandan D t Furchgolt RR Selective blockade 
of endolhelium-dcpcndent and glyceryl trinilrale-induced relaxation by 
hemoglobin and by methylene blue in the rabbit aorta. J Pharmacol Exp 
Ther 1935; 232: 708-16. 

1151 



Thromb Hacmost 1999; 82; 13 45-52 



21. Evans HG, Rylcy HC, Hailctt I, Lewis MJ. Human red blood cells inhibit 
endolhelium-derived relaxing factor (EDRF) activity. Eur J Phannacol 
1989; 163: 3614. 

22. Michclson AD, Bcnoit SE, Furman MI, Breckwoldi WL, Rohrer MJ, 
Barnard MR, Loscalzo J, Effects of nitric oxide/EDRF on platelet surface 
glycoproteins, Am J Physiol 1996; 270: H164Q-S, 

23. Geiger J, Honig-Liedl P, Schanzenbachcr P, Walter U, Ligand specificity 
and ticlopidine effects distinguish three human platelet ADP, Eur J Phar- 
macol 1993;351:235-46. 

24. Golden A, Brugge JS. Thrombin treatment induces rapid changes in tyro- 
sine phosphorylation in platelets. Proc Natl Acad Sci US A 1 989; 86: 90 1 -5. 

25. Clark EA, Shattil SJ, Ginsberg MH, Bolen J, Brugge JS, Regulation of the 
protein tyrosine kinase pp72syk by platelet agonists and the integrin alpha 
Hb bc*3. JBioi Chem 1994; 269: 28859-64, 

26. Shattil SJ T Haimovich B, Cunningham M, Lipfcrt L, Parsons JT, Ginsberg 
MH T Brugge JS. Tyrosine phosphorylation of ppl25FAK in platelets re- 
quires coordinated signaling through integrin and agonist receptors. 3 Biol 
Chem 1994; 269: 1473845. 

27. Clark EA, Shattil SJ, Brugge JS. Regulation of protein tyrosine kinases in 
platelets. Trends Biochem Sci 1994; 19: 464-9. 

28. Higashihara M, Takahata K, Kurokawa K. Effect of phosphorylation of 
myosin light chain by myosin light chain kinase and protein kinase C on 
conformational change and ATPasc activities of human platelet myosin. 
Blood 1991; 78: 3224-31. 

29. Burridge K, Chrzanowska-Wodnicka M r Zheng C. Focal adhesion assembly. 
Trends Cell Biol 1997; 7: 342-7, 

30. Zhang J, Falck JR, Reddy KK, Abrams CS, Zhao W, Rittenhouse SE, Phos- 
phalidylinositol (3 ,4,5)-trisphosphatc stimulates phosphorylation of plcck- 
slrin m human platelets, J Biol Chem 1995; 270: 22807-10, 

31. Hillery CA, Smyth SS, Parise LV. Phosphorylation of human platelet 
glycoprotein Ilia (GPllla). Dissociation from fibrinogen receptor activation 
and phosphorylation of GPIIla in vitro. J Biol Chem 1991; 266: 14663-9. 

32. Law DA 1 Nannizzi-Alaimo L, Phillips DR. Gutside-in integrin signal trans- 
duction. Alpha lib beta 3-(GP lib Ilia) tyrosine phosphorylation induced by 
platelet aggregation, i Biol Chem 1996; 271: 1081 1-5. 

33. Diodati JG, Dakak N, Gilltgan DM, Quyyumi AA. Effect of atherosclerosis 
on endothehum-dependent inhibition of platelet activation In humans. 
Circulation 1998; 98: 17-24. 

34. Koesling D, NOrnberg B. Platelet G proteins and adenylyl and guanylyl 
cyclase. Handbook of Experimental Pharmacology 1 997; 1 26: 1 8 1 -21 8. 

35. Caltanco M, Lecchi A, Randi AM, McGregor JL, Mannucci PM. Identifi- 
cation of a new congenital defect of platelet function characterized by 



severe impainnenl of platelet responses to adenosine diphosphate. Blood 
1992;80:2787-96. 

36, Nurden P, Savi P, Heitmann E t Bihour C, Herbert JM, Mafrrand Jl\ Nurden 
A. An inherited bleeding disorder linked to a defective interaction between 
ADP and its receptor on platelets, lis influence on glycoprotein Ilb-llIa 
complex function. J Clin Invest 1995; 95: 1612-21 

37, Freedman JE, Loscalzo J, Benoit SE, Valeri CR, Barnard MR, Michelson 
AD, Decreased platelet inhibition by nitric oxide in two brothers with a 
history of arterial thrombosis. J Clin Invest 1996; 97: 979-87. 

38, Gabbeta J, Yang X, Kowalska MA, Sun L, Dhanasckaran N, Rao AK. 
Platelet signal transduction defect with Galpha subunit dysfunction and 
diminished Galphaq in a palienl with abnormal platelet responses. Proc Natl 
Acad Sci USA 1997; 94: 8750-5- 

39, Mitsui T, Yokoyama S, Shimizu Y, Katsuura M, Akiba K , Hayasaka K. 
Defective signal transduction through the thromboxane A 2 receptor in a 
patient with a mild bleeding disorder: deficiency of the inositol 1,4,5- 
triphosphatc formation despite normal G-protein activation. Thromb 
Haemost 1997; 77: 9915. 

40, Savi P, Beauverger P, Labouret C, Delfaud M, Salel V, Kaghad M, Herbert 
JM. Role of P2Y I purmoccptor in ADP-induced platelet activation. FEBS 
Lett. 1998;422:291-5, 

41 , Jin J, Kunapuli SP, Coactivasion of two different G protein-coupled recep- 
tors is essential for ADP-induced platelet aggregation. Proc Natl Acad Sci 
USA 1998; 95: 80704. 

42, Hechler B, Leon C, Vjal C, Vigne P, Frelin C, Cazenave JP i Gachel C The 
P2Y1 receptor is necessary for adenosine S'-diphosphatc-induccd platelet 
aggregation. Blood 1998; 92: 152-9. 

43, Janlzcn H-M, Gousset L, Bhaskar V, Vincent D, Tai A, Reynolds EE, 
Conley PB. Evidence for Two Distinct G-protein-coupled ADP Receptors 
Mediating Platelet Activation, Thromb Hacmost 1999; 81:11 1-7. 

44, Hechler B, Eckiy A, Ohlmann P, Cazcnavc JP, Gachct C. The P2Y1 recep- 
tor, necessary but not sufficient to support full ADP-induced platelet 
aggregation, is not the target of the drug clopidogrcl. Br J Haematol 1998; 
103: 858-66 

45, Geiger J, Brich J, Honig-Liedl P 7 Eigenthaler M, Schanzenbacher P, 
Herbert JM, Waller U. Specific impairment of human platelet P2Y AC ADP 
receptor-mediated signaling by the antiplatelet drug clopidogrcl. 
ArteriosclcF Thromb Vase Biol 1999; in press. 



Received December 14, 1998 Accepted alter resubmission May 4, 1999 



1152 



Exhibit 34 



Arteriosclerosis, . . TT <gt 

Thrombosis and American Heart 
Vascular Biology Association* V 

& Learn and Live*, 











!; .• •: . 



Specific Impairment of Human Platelet P2YAC ADP Receptor-Mediated 
Signaling by the Antiplatelet Drug Clopidogrel 

J. Geiger, J. Brich, P. Honig-Liedl, M. Eigenthaler, P. Schanzenbacher, J. M. Herbert 

and U. Walter 
Arterioscler Thromb VascBiol 1999;19;2007-2011 
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association. 

7272 Greenville Avenue, Dallas, TX 72514 
Copyright © 1999 American Heart Association. All rights reserved. Print ISSN: 1079-5642. Online 

ISSN: 1524-4636 



The online version of this article, along with updated information and services, is 
located on the World Wide Web at: 
http://atvb,ahajournals,org/cgi/content/full/19/8/2007 



Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular 
Biology is online at 

http://atvb.ahajoumals.org/subscriptions/ 

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters 
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax: 
410-528-8550. E-mail: 
joumalpermissions@hw.com 

Reprints: Information about reprints can be found online at 
http ://vvw w. lw vv. com/reprints 



Downloaded from atvb.ahajournals.org at Daiichi-Sankyo CO., LTD. on January 10, 2011 



Thrombosis 



Specific Impairment of Human Platelet P2Y AC ADP 
Receptor-Mediated Signaling by the 
Antiplatelet Drug Clopidogrel 

J. Geiger, J. Brich, P. Honig-Liedl, M. Eigenthaler, P. Schanzenbacher, J.M. Herbert, U. Walter 

Abstract— Clopidogrel is an effective new antiplatelet agent useful for the treatment of ischemic cerebrovascular, cardiac, 
and peripheral arterial disease. However, the mechanism of clopidogrel action is not well understood, although it is 
known to inhibit ADP-evoked platelet aggregation. In the current study, the effect of clopidogrel on recently identified 
human platelet ADP receptors and their signaling pathways was investigated by using platelets from clopidogrel-treated 
subjects, 6 healthy volunteers {2 females and 4 males) who received 75 mg of clopidogrel daily for 7 days. Blood was 
taken and various platelet receptor signaling pathways were analyzed before treatment, after 7 days of medication, and 
4 weeks after treatment had ceased. Platelet tests included the analysis of aggregation, rapid calcium influx, calcium 
mobilization from intracellular stores, adenylyl cyclase, and phosphorylation of vasodilator-stimulated phosphoprotein 
(VASP). The data indicate that clopidogrel does not affect those platelet ADP receptors coupled to cation influx (P2X1 
ADP receptors) or calcium mobilization (P2Y1 ADP receptors). In contrast, clopidogrel treatment specifically impairs 
the ADP receptor coupled to G/adenylyl cyclase (P2Y AC ADP receptors). Clopidogrel abolishes the inhibitory P2Y AC 
receptor-mediated ADP effects on prostaglandin E ^stimulated, cAMP-dependent phosphorylation of VASP without 
affecting epinephrine, thrombin, and thromboxane signaling. VASP phosphorylation is known to be closely correlated 
with the inhibition of platelet and fibrinogen receptor (glycoprotein Ilb/IIIa) activation. Therefore, inhibition of the 
platelet P2Y AC ADP receptor and its intracellular signaling, including decreased VASP phosphorylation, is suggested as 
a molecular mechanism of clopidogrel action. {Arterioscler Thromb Vase BioL 1999;19:2007-2011.) 

Key Words: platelet inhibition ■ purinergic receptors ■ vasodilator-stimulated phosphoprotein 



Increased platelet activation and aggregation are central to 
the pathophysiology of acute and chronic arterial vascular 
diseases. This concept has gained broad acceptance since 
platelet inhibitors have been proven as effective agents for the 
treatment of both chronic and acute diseases of the arterial 
vessel wall 1 - 6 Platelets are activated by numerous agents and 
conditions, but ADP is thought to play a key role in the 
development of arterial thrombosis. 7 * 8 Recently, long-term 
administration of clopidogrel to patients with atherosclerotic 
vascular disease was shown to be more effective than aspirin 
in reducing the combined risk of ischemic stroke, myocardial 
infarction, and vascular death, 9 Clopidogrel and the chemi- 
cally related ticlopidine are thienopyridines that selectively 
and specifically interfere with ADP-mediated platelet activa- 
tion. 5 * 10 In contrast to ticlopidine, which may cause neutro- 
penia, clopidogrel appears to be a safe and well-tolerated 
drug. 9 Thienopyridines are inactive in-vitro, require in vivo 
metabolism, and cause an irreversible inhibition of platelet 
function. However, the mechanism of thienopyridine action is 
not well established owing to the limited understanding of 
platelet ADP receptors and their intracellular signaling. 11 ' 12 



Very recently, several laboratories, including those of our 
own groups, provided evidence for the existence of 3 distinct 
human platelet ADP receptors, which mediate ADP-caused 
cation influx (P2X1 receptor), calcium mobilization (P2Y1 
receptor), and adenylyl cyclase inhibition (P2Y AC recep- 
tor). 13 " 20 Earlier studies with ticlopidine and clopidogrel had 
suggested that thienopyridines do not inhibit the ADP recep- 
tor pathways coupled to calcium influx and mobilization but 
instead, prevent the inhibitory ADP effects on adenylyl 
cyclase stimulation in platelets of different species. 10 - 15 * 16 ' 21 - 25 
In the current study, we addressed the question as to which of 
the 3 now pharmacologically defined human platelet ADP 
receptors is affected by a clinically used clopidogrel dosage. 
Moreover, we analyzed the effect of clopidogrel on ADP- 
regulated intracellular signaling and protein phosphorylation. 
These studies were made possible because of the recent 
development of phosphorylation-specific monoclonal anti- 
bodies that allow quantitative analysis of vasodilator- 
stimulated phosphoprotein (VASP) phosphorylation in intact 
human platelets. 26 Previously, we showed that NO- and 
prostaglandin-stimulated phosphorylation of VASP, a 
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Effect of Clopidogrel Treatment on Platelet Aggregation and cAMP 
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Values are mean±SEM, Platelet aggregation and cAMP levels were analyzed using platelets from 
volunteers before, during (after 7 days), and after (after 4 weeks) of clopidogrel treatment. 
Aggregation was stimulated with either 20 jxmol/L ADP, 5 ftmol/L U-46619, or a combination 
(2.5 jutmol/L ADP+3 /u,mol/L epinephrine). Aggregation responses are relative to the aggregation 
before treatment. cAMP levels were stimulated with either 30 nmol/L PGEt or combinations (30 
nmol/L PGEi+5 jimol/L ADP; 30 nmDl/L PGEt+55 inmol/L epinephrine) as described in "Methods." 
cAMP levels are relative to those detected in platelets incubated with ADP alone. Data represent the 
means of experiments (number of volunteers) as indicated. 



cytoskeleton/integrin-associated protein present at high con- 
centrations in human platelets, 27 - 30 is closely correlated with 
the inhibition of platelet and fibrinogen receptor (glycopro- 
tein [GP] Ilb/IIIa) activation, 30 This study now demonstrates 
that clopidogrel selectively impairs the human platelet P2Y AC 
ADP receptor and its inhibitory effect on prostaglandin 
Et-stimulated, cAMP-mediated VASP phosphorylation. 

Methods 

Volunteers 

Six healthy volunteers (2 female and 4 male, with an age range of 23 
to 48 years) who were not take any platelet-affecting drugs entered 
this study after their written, informed consent was obtained and 
after approval of this study by the ethics committee of our university. 
The volunteers took 75-mg clopidogrel tablets (provided by Sanofi 
and Bristol-Myers Squibb) daily for 7 days. Blood samples were 
taken before treatment, after 7 days of treatment, and 4 weeks after 
treatment had been discontinued. Blood counts of the volunteers 
were monitored throughout the study and were essentially unaltered. 

Platelet Preparation, Platelet Aggregation, Platelet 
Calcium, and cAMP Regulation 

Platelet-rich plasma and washed platelets were prepared from whole 
human blood, and platelet aggregation was determined with the 
aggregometer PAP-4 (Biodata) as previously described, 15 Aggrega- 
tion responses were determined in 0,3-mL samples of platelet-rich 
plasma. Aggregation was stimulated with either 20 /xmol/L ADP, 
5 jLtmol/L of the thromboxane analogue U-46619 (9,11-dideoxy- 
lla,9a-epoxymethanoprostaglandin F 2 „), or the combination of 
2.5 /JLmol/L ADP and 3 /lluioI/L epinephrine. Platelet calcium and 
cAMP responses were determined as described in detail previous- 
ly. ]S For cAMP measurements, 0.3-mL aliquots of platelet suspen- 
sion were incubated for 3 minutes in siliconized Eppendorf caps with 
either ethanol, 5 jmmol/L ADP, 30 nmol/L prostaglandin E, (PGE,), 
or 30 nmol/L PGE t plus 5 pnol/L ADP. The cAMP determination 
was performed using the Amersham Biotrak cAMP radioimmuno- 
assay kit. Calcium responses were determined with aspirin-treated, 
washed, human platelets. The cells were loaded with 4 jLimol/L fura 
2-am and washed with n "~ ~ 



were performed using a Perkin-Elmer LS-50 fluorometer. Platelets 
were stimulated with 1 /nmol/L ADP or 1 junoVL U-46619 in the 
presence of 1 mmol/L Ca 1+ or 4 mmol/L EGTA, respectively. 

Western Blot Analysis of VASP Phosphorylation 

The extent of VASP phosphorylation was determined in platelets 
obtained from platelet-rich plasma, which either was left untreated or 
incubated for 3 minutes with 5 jimol/L ADP, 55 /mmol/L epineph- 
rine, 30 nmol/L PGE], combinations thereof (30 nmol/L 
PGEl+5 jtmol/L ADP; 30 nmol/L PGE,+55 ^mol/L epinephrine), 
or vehicle alone. Platelets were then sedimented by centrifugation, 
the supernatant plasma was rapidly removed, and the platelet pellet 
was solubilized in a hot, SDS-containing stop solution. Platelet 
proteins were separated by SDS-polyacrylamide gel electrophoresis, 
blotted on nitrocellulose, and analyzed for the extent of VASP serine 
239 phosphorylation by the monoclonal antibody 16C2 as 
described, 26 

Results 

Platelet Aggregation 

Clopidogrel treatment caused the nearly complete inhibition 
of ex vivo ADP-stimulated platelet aggregation (the Table). 
This treatment also abolished the ex vivo platelet aggregation 
in response to the combination of ADP and epinephrine at 
concentrations that, when used alone, did not activate plate- 
lets (the Table), The ADP-induced shape change, U-46619 (a 
stable thromboxane A 2 analogue)-stimulated aggregation, and 
thrombin-stimulated aggregation were not significantly inhib- 
ited (the Table; shape change and thrombin data not shown). 
A small inhibitory effect on thromboxane-induced aggrega- 
tion may have been due to the secondary inhibition of ADP 
released by thromboxane-activated platelets. Platelet aggre- 
gation in response to ADP was essentially normal 4 weeks 
after clopidogrel treatment was discontinued (the Table), In 1 
of our volunteers (a 23-year-old healthy male of normal 
weight), clopidogrel had little effect on ADP-stimulated 
DaiiclplS^ky9^^Ti^ojh6»rlW>Jotrl& SftU analyzed in this study 
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Figure 1 . ADP-stimulated calcium responses 
of clopidogrel-treated platelets. Fura 2-loaded, 
washed, human platelets were stimulated with 
1 juumol/L ADP in the presence of 1 mmol/L 
CaCl z or 4 mmol/L EGTA in the buffer medium 
as indicated. The traces shown are the 
responses obtained from the same individual 
before, during (7 days), and after (4 weeks) 
treatment with clopidogrel. Calcium experi- 
ments were performed with the platelets of 2 
volunteers, the results being virtually identical 
for both. arb. indicates arbitrary. 



(data not shown). Interestingly, a regular treatment with 
ticlopidine was also essentially ineffective in this individual 
(data not shown). This volunteer had no obvious blood and 
platelet abnormalities and was not included in our further data 
analyses. The frequency and mechanisms of impaired clopi- 
dogrel (and ticlopidine) responses in some individuals need 
further investigation. 

Stimulated-PIatelet Calcium Responses 

In agreement with our previous study with ticlopidine, 15 
platelet calcium responses evoked by ADP or U-46619 were 
not affected by clopidogrel treatment. Neither calcium influx 
nor mobilization of intracellularly stored calcium ions was 
affected by thienopyridines 15 (Figure 1), 

Platelet cAMP Content 

Clopidogrel treatment did not significantly alter the basal and 
PGErstimulated cAMP content in platelets. In contrast the 
inhibitory effects of ADP (but not those of epinephrine) on 
PGE r stimulated cAMP levels were abolished by clopidogrel 
treatment (the Table). 

VASP Phosphorylation 

Both ADP and epinephrine inhibited PGE r stimulated VASP 
phosphorylation at serine 157 (data not shown; detected by 
the phosphorylation-induced shift of VASP from the 46- to 
the 50-kDa form 30 ) and at serine 239 (detected by the 
phosphorylation-specific monoclonal antibody 16C2 26 ) as 
demonstrated in Figures 2 and 3. Clopidogrel treatment did 
not alter basal and PGE r stimulated VASP phosphorylation 
but strongly attenuated the inhibitory effect of ADP on 
PGE r stimulated VASP phosphorylation (Figures 2 and 3). 
All ADP responses were essentially restored 4 weeks after 
treatment was discontinued. The inhibitory effects of epi- 
nephrine on PGE r induced VASP phosphorylation were not 
affected by clopidogrel treatment (Figure 3). 

Discussion 

The data presented show that a clinically effective dose of 
clopidogrel 9 selectively inhibits ADP-stimulated platelet ag- 
gregation and impairs the inhibitory ADP effects on platelet 
cAMP levels and cANfi^m^iei ^SitejJho^^^^ig^ Daii. 



agreement with earlier studies, 21 " 25 clopidogrel inhibits the 
effects of ADP on adenylyl cyclase stimulation without 
affecting ADP-induced calcium influx or calcium mobiliza- 
tion in platelets tested ex vivo. As summarized in Figure 4, 
clopidogrel thus inhibits the Gj protein- coupled P2Y AC ADP 
receptor but neither the cation channel- coupled P2X1 ADP 
receptor nor the G q protein- coupled P2Y1 ADP receptor, 
which were only very recently identified and character- 
ized. 12-20 Interestingly, clopidogrel did not affect the inhibi- 
tory, also Gj protein-mediated, effect of epinephrine on 
platelet cAMP levels and VASP phosphorylation. These 
findings strongly suggest that clopidogrel impairs the platelet 
P2Y AC ADP receptor at the receptor level directly or at a level 
preceding G L protein(s). This conclusion is also supported by 
earlier observations that clopidogrel reduces the number of 
binding sites for 2-methylthio-ADP in human and rat plate- 
lets, 23 - 31 The time course of clopidogrel effects (although not 
extensively studied here) appears to be similar to that of 
ticlopidine (the Table and other data not shown). The prac- 
tically irreversible anti-ADP effects of ticlopidine and clopi- 
dogrel (which are inactive in vitro) reach their maximum 
within 3 to 4 days of treatment and are completely gone 
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Figure 2. Western blots showing the effect of clopidogrel on 
PGEi-, ADP-, and epinephrine-regufated VASP serine 239 phos- 
phorylation in platelets, PGE^, ADP- t and epinephrine-regulated 
VASP serine 239 phosphorylation was analyzed as described in 
Methods by using platelets obtained from volunteers before, 
during (7 days), and after {4 weeks) clopidogrel treatment. A, 
Lane 1, control; lane 2, PGEi treated; lane 3, ADP treated; and 
lane 4, ADP- and PGE^treated platelets. B, Lana 1 , control; 
lane 2, PGEi treated; lane 3, epinephrine treated; and lane 4, 
epinephrine- and PGE-,-treated platelets. Western blot data of 1 
experiment representative of the results obtained with platelets 
.dt^i^\G^^^»^nary 10, 201 1 
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Figure 3. Cfopidogrel effects on PGE-,-, ADP-, and epinephrine- 
regulated VASP serine 239 phosphorylation in platelets. PGE->-, 
ADP-, and epinephrine-regulated VASP serine 239 phosphorylation 
was analyzed as described (see Methods and Figure 2) by using 
platelets obtained from volunteers before, during (7 days), and after 
(4 weeks) clopidogrel treatment. VASP serine 239 phosphorylation 
data (reported relative to the extent seen in platelets treated with 
ADP or epinephrine alone) are the mean±SEM of the results 
obtained with platelets from 5 volunteers. 

within 3 to 4 weeks after discontinuation of treatment. 5 J0J 5 
The specificity of clopidogrel, which (under the conditions 
used) impairs the P2Y AC ADP receptor only without detect- 
able effect on many other platelet receptors involved in the 
activation or aggregation of platelets, is remarkable. 

The mechanisms of G protein- coupled receptor regulation of 
platelet GP Ilb/IIIa activation and ultimately aggregation have 
not been fully elucidated 29 but appear to involve more than 1 
intracellular pathway and distinct regulatory molecules, as sum- 
marized in Figure 4. Activation of the platelet P2Y AC ADP 
receptor by ADP liberates the Gj protein subunits and /3y, 
which couple to independent signaling events {Figure 4), Sub- 
unit decreases platelet cAMP levels and (among various 
cAMP-regulated events, including inhibition of ADP receptor 
activation of phospholipase C 32 ) reduces the level of phospho- 



VASP. Phosphorylation of VASP in response to cAMP- 
elevating agents is closely correlated with the inhibition of GP 
Ilb/IIIa, 29 - 30 In vivo intact endothelium serves as a source of 
cAMP-elevating factors such as prostacyclin, which stimulate 
VASP phosphorylation and inhibit platelet aggregation. Indeed, 
endothelium-dependent platelet VASP phosphorylation has been 
demonstrated in platelet- endothelial cell coincubations and in 
the intact coronary system, 33 - 34 The important regulatory role of 
VASP in platelet activation/aggregation is supported by very 
recent data obtained with platelets from VASP-deficient mice. 
VASP-deficient murine platelets, when compared with wild- 
type murine platelets, displayed an impaired cyclic nucleotide- 
mediated inhibition of aggregation and an enhanced thrombin- 
and collagen-induced integrin a irb j3 3 activation. 35 * 36 Other recent 
in vitro data suggest that the platelet P2Y AC and P2Y1 ADP 
receptors and their G r or G q -coupled signaling are both required 
but alone are insufficient to mediate ADP-evoked platelet 
aggregation. 16 ' 17 - 20 For example, platelet aggregation was not 
induced by 10 u,mol/L ADP in the presence of the P2Y AC 
blocker ARL 66096 but occurred when an additional 1 /xmol/L 
epinephrine was used. 17 Similarly, 2-methylthio-ADP~induced 
platelet aggregation was inhibited by the P2Y1 blocker A3P5PS 
but was restored by the addition of 2.5 jimol/L serotonin. 16 In 
our present experiments (the Table), the P2Y AC blocker clopi- 
dogrel not only inhibited ADP (20 /xmol/L) -evoked aggregation 
but also the aggregation response by the combination of low- 
dose (2.5 jmmol/L) ADP and 3 ju,mol/L epinephrine. Whereas 10 
to 20 jwmol/L ADP alone is sufficient to induce aggregation 17 
(see also the Table), low-dose (2.5 fimol/L) ADP concentrations 
(which alone did not cause aggregation) were chosen to dem- 
onstrate the synergism between ADP and epinephrine and its 
possible sensitivity to clopidogrel treatment. Our data (the 
Table) demonstrate that the P2Y AC receptor is required for the 
synergism between ADP and epinephrine with respect to aggre- 
gation when low concentrations of ADP are used. Our present 
data with clopidogrel are in full agreement with the sugges- 
tion 16 ' 17 - 20 that both the P2Y AC ADP receptor and the P2Y1 ADP 
receptor are required and essential for ADP-induced platelet 
aggregation. The relative contribution of each of these 2 ADP 
receptors in mediating the in vivo effects of ADP may depend on 
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Figure 4, Sites of platelet inhibition by clopi- 
dogrel, aspirin, and GP llb/llla antagonists. Clo- 
pidogrel selectively impairs the molecularly not 
yet cloned P2Y A c ADP receptor without affect- 
ing ADP-gated cation channels (P2X1 ADP 
receptor), the phospholipase C (PLC)/G q pro- 
tein-coupled P2Y1 ADP receptor, or the G, 
protein- coupled epinephrine [ct^ adrenergic 
receptor (ajjA-R)- Gi protein-coupled receptors 
inhibit and G 3 protein- coupled receptors pro- 
mote cAMP-mediated phosphorylation of VASP 
(P-VASP), which is known to be closely corre- 
lated with the inhibition of aggregation and 
fibrinogen receptor (GP llb/llla) activation. 23 The 
detailed mechanisms of GP llb/llla activation 
and inhibition have not been fully elucidated at 
the molecular level but involve multiple recep- 
tors and signaling events as discussed in the 
text. Aspirin inhibits the generation of platelet 
thromboxane A 2 fTXA 2 ) and thereby its receptor 
(TXA 2 -R)-mediated events. PI3K indicates 
phosphoinositol 3-kinase; PTK, phosphoty- 



Downloaded f^e^fcmhajourna!s,org at Daiichi-Sankyo CO-.L^M^a^T^Pl P' otein kSnase c - 



Geiger et al Platelet ADP Receptors and Clopidogrel 2011 



the local concentrations of ADP and the regulation of these ADP 
receptors by other signaling pathways. In this respect, it is of 
interest to note that the P2Y1 ADP receptor linked to calcium 
mobilization is strongly inhibited by both cAMP- and cGMP- 
regulated pathways. 32 P2Y AC receptor-mediated inhibition of 
VASP phosphorylation may be an important component of 
ADP-stimulated platelet aggregation in vivo. However, activa- 
tion of G L proteins by ADP may also liberate the J3y subunit 
complex, which is known to activate the C protein kinases, 
phosphoinositol 3-kinase, and the phosphotyrosine kinases, 37 all 
of which are thought to be linked to GP ITb/IIIa activation. 29 
Clearly, elucidation of the molecular mechanisms of platelet 
activation and aggregation mediated by G protein- coupled 
receptors needs further investigation. In conclusion, the clinical 
efficacy of clopidogrel 9 and our present data indicate an impor- 
tant role of the platelet P2Y AC ADP receptor in mediating the in 
vivo effects of ADP that are associated with arterial thrombosis 
in patients at high risk for arterial cardiovascular complications. 
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Clopidogrel for Coronary Stenting 

Response Variability, Drug Resistance, and the Effect of Pretreatment 

Platelet Reactivity 

Paul A. Gurbel, MD; Kevin P. Bliden, BS; Bonnie L. Hiatt, MD; Christopher M. O'Connor, MD 

Background— Clopidogrel is administered to prevent stent thrombosis; however, the uniformity of platelet inhibition after 
treatment and the influence of pretreatment reactivity on drug response have not been described. 

Methods and Results— Platelet aggregation (5 and 20 juunol/L ADP), the activation of glycoprotein Ilb/IIIa (PAC-1 
antibody), and the expression of P-selectin were measured in patients undergoing elective coronary stenting (n=96) at 
baseline and at 2 hours, 24 hours, 5 days, and 30 days after stenting. All patients received aspirin (325 mg), Clopidogrel 
(300 mg) was administered in the catheterization laboratory and followed by 75 mg daily. There was marked 
interindividual variability in drug response as measured by all markers that showed a normal distribution. Resistance, 
defined as baseline aggregation (%) minus posttreatment aggregation (%) < 10% by 5 /umol/L ADP, was present in 31% 
and 15% of patients at 5 and 30 days, respectively. Patients with the highest pretreatment platelet reactivity remained 
the most reactive at 24 hours after treatment (P<0.0001). 

Conclusions — Interindividual variability in the platelet inhibitory response from clopidogrel occurs in patients undergoing 
elective coronary stenting. Patients with high pretreatment reactivity are least protected Alternative pharmacological 
strategies and the association of adverse ischemic events should be investigated in these patients, {Circulation. 2003; 
107:2908-2913.) 

Key Words: drugs ■ platelets ■ stents 



Clopidogrel with aspirin is the regimen of choice to 
prevent stent thrombosis. 1 The CURE study (Clopi- 
dogrel in Unstable angina to prevent Recurrent Events) 
showed that combination clopidogrel and aspirin antiplatelet 
therapy reduces ischemic events compared with aspirin ther- 
apy alone, 2 These findings are consistent with those of the 
CAPRIE study (Clopidogrel versus Aspirin in Patients at 
Risk of Ischemic Events), which showed superior reduction 
in ischemic events with clopidogrel therapy compared with 
aspirin, and which may be explained in part by aspirin 
resistance. 3 However, the uniformity of inhibition after clo- 
pidogrel therapy and the incidence of drug resistance has not 
been investigated extensively. Interindividual variability in 
response to clopidogrel may affect clinical outcomes. 4 

We studied the individual responses to clopidogrel therapy 
in patients undergoing elective coronary artery stenting by 
measuring platelet aggregation and other markers of platelet 
activation by flow cytometry for 30 days after the procedure, 5 
The frequency of drug resistance is reported. We also studied 
the influence of pretreatment platelet reactivity on drug 
response. 

Methods 

This study was approved by the Investigational Review Board. 
Consecutive patients undergoing elective coronary stenting were 



enrolled after giving informed consent. All ages were included. The 
exclusion criteria were a history of bleeding diathesis, acute myo- 
cardial infarction within 48 hours, cerebrovascular event within 3 
months, illicit drug or alcohol abuse, prothrombin time >1.5 times 
control, platelet count <100 000/mm J , hematocrit <25%, creatinine 
>4.0 mg/dL, and thienopyridine or glycoprotein (GP) Ilb/Illa use 
before the procedure. 

Per protocol, GP Ilb/IIIa inhibitors were not given. Clopidogrel (300 
mg) was given to all patients in the catheterization laboratory after 
successful coronary artery stent implantation followed by 75 mg daily 
for 30 days. In addition, all patients had received at least 81 mg of 
aspirin for 7 days before the procedure (>90% received 325 mg) and 
were administered 325 mg on the day of the procedure and daily 
thereafter. Heparin to achieve an activated clotting time >300 seconds 
was administered as a bolus to all patients in the catheterization 
laboratory immediately before stenting. 

Blood Sampling 

Blood was collected in evacuated container tubes containing 3.8% 
trisodium citrate that were filled to capacity and then inverted 3 to 5 
times for gentle mixing. Samples were obtained before clopidogrel 
administration (baseline) and at 2 hours, 24 hours, 5 days, and 30 
days after stenting. 

Platelet Aggregation 

The blood-citrate mixture was centrifuged at 12Q0g for 2.5 minutes. 
The resulting platelet-rich plasma was kept at room temperature for 
use within 1 hour. The platelet count was determined in the 
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platelet-rich plasma sample and adjusted to 3.5Xl0 8 /mL with ho- 
mologous platelet-poor plasma. Platelets were stimulated with ADP 
(5 and 20 jumoi/L), and aggregation was assessed as described 
previously with a Chronolog Lumi-Aggregometer (model 560-Ca) 
with the AggroLink software package. 6 Platelet aggregation was 
expressed as the maximal percent change in light transmittance from 
baseline, with platelet-poor plasma used as a reference. Curves were 
analyzed according to accepted standards, 7 

Flow Cytometry 

The surface expression of platelet receptors was determined by flow 
cytometry with monoclonal antibodies. Briefly, the blood-citrate 
mixture (50 yL) was diluted with 450 fiL of Tris buffered saline 
(10 mmol/L Tris, 0.15 mol/L sodium chloride) and mixed by 
inverting an Eppendorf tube gently 2 times. The corresponding 
antibody was then added (5 /uL) and incubated at room temperature 
for 30 minutes. After incubation, 400 jxL of 2% buffered parafor- 
maldehyde was added for fixation. The samples were analyzed on a 
Becton Dickinson FACScan flow cytometer set up to measure 
fluorescent light scatter as described previously, 8 All parameters 
were collected with four-decade logarithmic amplification. The data 
were collected in list-mode files and then analyzed. The PAC-1 
antibody (Becton Dickinson) binds only to the active <* [TlJ ft receptor, 
and therefore the total amount of a irb fa is not determined.* PAC-1 
was expressed as log mean fluorescence intensity. P-selectin (Pharm- 
ingen) was measured after stimulation with 200 /jtmol/L ADP and is 
expressed as percent positivity (ie, the percentage of platelets 
positive for the antibody) as described previously. 10 The dose of 
agonist was chosen on the basis of data reporting maximum 
expression of P-selectin induced by 100 juxnol/L ADP in the absence 
of an ADP blocker. 5 

Drug Resistance Definition 

Drug resistance was defined as an absolute difference between 
baseline aggregation and posttreatment aggregation (Aaggregation 
[%]) of 1 0% or less with 5 jutmol/L ADP used as the agonist. Because 
A aggregation (%) - baseline aggregation (%) - posttreatment 
aggregation (%), a negative A aggregation would indicate poststent 
platelet reactivity greater than baseline, and a positive A aggregation 
would indicate platelet inhibition. 

Statistical Analysis 

The responders and nonresponders were compared with / tests. 
Standard regression analysis was used to correlate 5 and 20 jLimol 
ADP/L-induced aggregation and 5- and 30-day aggregation and 
P-selectin expression (Statistica software). 

To assess the effect of pretreatment reactivity on drug response, 
patients were divided into high, moderate, and low baseline reactiv- 
ity. 11 Two separate analyses were performed on the basis of 
aggregation and P-selectin expression. For 5 ju.mol/L ADP-induced 
aggregation, high reactivity was defined as percent aggregation 
>70%; moderate, 60% to 70%; and low, <60%. For P-selectin, high 
reactivity was defined as percent positivity >50%; moderate, 40% to 
50%; and low, <40°A Comparisons were made between groups by 
1-way ANOVA (Statistica software). The Wilks-Shapiro test was 
used to assess conformity with a normal distribution. Curves were 
plotted of the best fit to a normal distribution by Statistica software. 
Given the normal distribution of data, the mean±SD and mean±SE 
were used. ^<0.05 was considered significant. 

Results 

Patient Data 

Ninety-six patients had complete platelet studies performed at 
baseline, and of these patients, 92 had adequate poststent 
samples. The patient demographics on these 92 patients are 
shown with respect to the response to 5 p-mol/L ADP-induced 
aggregation at day 5 in the Table. The patients were elderly, 
and most were males. Multiple cardiovascular risk factors 



Demographics Based on Response to 5 jumol/L ADP at Day 5 



Parameter 


Responders 


Nonresponders 


P 


Sex, % male 


63 


50 


NS 


Age, y 


66±12 


69±10 


NS 


Weight, lb 


190±40 


197±36 


MS 


Smoking, % 








<6 Months ago 


28 


13 


NS for all 


>6 Months ago 


38 


38 




Never 


44 


50 




previous infarction, % 


26 


44 


NS 


Previous PTCA, % 


23 


19 


NS 


Previous CABG, % 


23 


6 


NS 


Hypercholesterolemia, % 


66 


50 


NS 


Diabetes, % 


42 


38 


NS 


Family history, % 


59 


56 


MS 


Concomitant medications, % 








j3-Blocker 


68 


50 


NS 


AflF inhihitfir" 


57 


81 


0.08 


Calcium channel antagonist 


13 


31 


0.09 


Statin 


64 


56 


NS 


Aspirin 


100 


100 


MS 


Procedural variables 








Stent length, mm 


19.6 ±11. 7 


13.8±7.5 


0.007 


Minimal stent 


3.0±0.4 


3.1 ±0.5 


NS 


diameter, mm 








No, stents/patient 


1.5 ±0.4 


1.4±0.3 


NS 



CABG indicates coronary artery bypass graft; ACE, angiotensin-converting 
enzyme; and PTCA, percutaneous transluminal coronary angioplasty. 
NS=P>0.1. 



were frequent. Concomitant drug use did not differ signifi- 
cantly between groups. A trend of higher calcium antagonist 
and ACE inhibitor use was observed in the nonresponders. 
Most patients were treated with 1 stent. There were no 
significant procedural differences between responders and 
nonresponders except for total stent length. Follow-up at 30 
days revealed no cases of Q-wave myocardial infarction, stent 
thrombosis, target-vessel revascularization, cerebrovascular 
ischemic events, or death. 

Platelet Aggregation 

Histograms of the response to clopidogrel are shown in 
Figures 1 and 2. Baseline aggregation to 5 and 20 /xmol/L 
ADP was 62 ±18% and 83 ±21%, respectively. The response 
to 5 and 20 jmiol/L ADP showed a shift to the right between 
2 and 24 hours after treatment, which indicates increased 
platelet inhibition. Aggregation by 5 jxmol/L ADP was 
maximally inhibited by 24 hours (P<0.05 compared with 
baseline). Platelet aggregation was 58 ±22% at 2 hours, 
37±22% at 24 hours, 32±18% at 5 days, and 31±15% at 30 
days. At 2 hours after stenting, 63% of patients met the 
definition of resistance and platelet reactivity was greatest, 
with 42% of patients having greater aggregation than at 
baseline. At 24 hours, resistance fell to 31%, and 24% of 
patients still had greater aggregation than at baseline. No 
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Figure 1. Relationship between fre- 
quency of patients and absolute change 
in aggregation (AAggregation [%]} in 
response to 5 jllitioI/L ADP at 2 hours 
(A), 24 hours (B), 5 days (C), and 30 days 
(D) after stenting. AAggregation (%) is 
defined as baseline aggregation {%) 
minus posttreatment aggregation {%). 
Resistance, as defined herein, is A 
Aggregation {%) ^10%. Resistance is 
present in those patients subtended by 
double-headed arrow. Curves represent 
normal distribution of data and were cre- 
ated by Statistica software. 



further changes were seen at 5 days, when resistance was 
observed in 31%. However, at 30 days after stenting, the 
incidence of resistance fell to 15%, but 11% still had 
aggregation greater than baseline. 

The response to 20 pmoMh ADP showed a similar pattern. 
Aggregation was 80 ±24% at 2 hours and fell to 60 ±25% at 
24 hours (P<0.05 compared with baseline). At 5 days, 
aggregation remained stable (57 ±23%), with a nonsignificant 
decrease at 30 days (52±14%). A A aggregation of 10% or 
less was present in 53% of patients at 2 hours, 35% at 24 



hours, 32% at 5 days, and 21% at 30 days. The correlation 
between the 5- and 20-/imol/L ADP aggregation response 
was strong (r=0.6). 

Correlation of Responses at 5 and 30 Days 

A strong correlation was observed between the 5- and 30-day 

responses to 5 jwmol/L ADP (r=0,8). Moreover, strong 

correlations were also observed between 5- and 30-day 

responses for 20 /xmol/L ADP (r=0.8) and P-selectin 

(,=0.7). 
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Figure 2. Relationship between fre- 
quency of patients and absolute change 
in aggregation (AAggregation [%]) in 
response to 20 f*mof/L ADP at 2 hours 
(A), 24 hours (B), 5 days (C), and 30 days 
(D) after stenting. AAggregation (%) is 
defined as baseline aggregation (%) 
minus posttreatment aggregation {%), 



A Aggregation (%) 
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Figure 3. Relationship between fre- 
quency of patients and absolute change 
in % positivity of stimulated P-setectin 
expression (A% Positivity) at 2 hours (A), 
24 hours (B), 5 days (C), and 30 days (D) 
after stenting, A% Positivity is defined as 
baseline positivity (%) minus posttreat- 
ment positivity (%). 



Platelet Receptor Expression 
P-Selectin 

Baseline stimulated P-selectin expression was 45 ±16% and fell 
over 24 hours, as indicated by a shift in the curve to the right (Figure 

3) . Maximum inhibition of P-selectin expression occurred within 24 
hours (24±13%; P<0.05 compared with baseline) and was un- 
changed at 5 days (22 ±13%) and 30 days (23 ± 10%), as observed 
in the aggregation studies. An absolute change in percent positivity 
of 10% or less was observed in 44% of patients at 2 hours, 25% at 
24 hours, 12% at 5 days, and 29% at 30 days, which again suggests 
resistance to the standard clopidogrel regimen. 

PAC-1 

PAC-1 binding showed similar response variability (Figure 

4) . Baseline expression was 14.9±13.1 ? and inhibition of the 



expression of active GP IIMIIa was maximal within 24 hours 
(8, 5 ±5. 1; P<0.05 compared with baseline). No significant 
changes as compared with 24 hours were observed at 5 days 
(8.1 ±3.7) or 30 days (8.6±5.3). 

Effect of Pretreatment Platelet Reactivity on 
Drug Response 

High pretreatment reactivity, defined by the response to 5 
/xmol/L ADPj was present in 3 1 patients, moderate reactivity 
in 25 patients, and low reactivity in 40 patients. High- 
reactivity patients had a greater incidence of diabetes (71%; 
P<0.05) than those with moderate (24%) and low (40%) 
reactivity. Patient weight, gender, age, statin use, smoking 
history, incidence of hyperlipidemia, history of prior infarc- 
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Figure 4. Relationship between fre- 
quency of patients and absolute change 
in mean fluorescence intensity (MFI) of 
PACM binding (A MFI) at 2 hours (A), 24 
hours (B), 5 days (C), and 30 days (D) 
after stenting, AMFl is defined as base- 
line MFI minus posttreatment MFI. 
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Figure 5. A, ADP-induced platelet aggre- 
gation (5 jimol/L ADP) in high-, 
moderate-, and low-reactivity groups at 
baseline and at 1 and 5 days after clopi- 
dogrel therapy. High-reactivity patients 
were defined as pretreatment percent 
aggregation >7Q%; moderate, 60% to 
70%; and low, <60%. B, Stimulated 
P-selectin expression in high-, 
moderate-, and low-reactivity groups at 
baseline and at 1 and 5 days after clopi- 
dogrel therapy. High-reactivity patients 
were defined as pretreatment percent 
positlvity >50%; moderate, 40% to 
50%; and low, <40%. 



tion, total contrast load, procedure duration, and number of 
vessels treated were not significantly different between 
groups. 

Platelet Aggregation 

At baseline, by definition, the high-reactivity group had 
markedly greater reactivity (78 ±6%) than the moderate 
(65±3%; i^O.OOOOl) and low (48±9%; P<0\00001) groups 
(Figure 5A). At day 1 after stenting, the high-reactivity group 
continued to have the most reactive platelets (67±11%; 
P=0.004 versus moderate [56±15%] and /^O.OOOl versus 
low [52±15%]), By day 5, platelet reactivity by this marker 
was similar among groups. 

P-Selectin Expression 

At baseline, the high-reactivity group had greater expression 
(67±7%) than the moderate (44±3%; P<0.00001) and low 
(29±6%; P<0.00001) groups (Figure 5B). The effect that 
pretreatment reactivity had on the inhibitory response to 
clopidogrel at day 1 was remarkably similar to findings with 
ADP-induced light-transmittance aggregometry. At day 1, 
patients with high pretreatment P-selectin expression re- 
mained the most reactive CP<0.001 versus low reactivity). At 
day 5 of therapy, patients in the high-reactivity group had a 
trend to greater P-selectin expression than the moderate 
(31 ±12% versus 19±13%; P=0,06) and low (20±7%; 
^=0.04) groups. 



Discussion 

The present study illustrates the variable platelet inhibitory 
response to the standard administered dose of clopidogrel. 
The platelet aggregation studies used 2 agonist concentrations 
that showed a strong correlation. In addition, platelet receptor 
expression showed similar findings. These uniform observa- 
tions, irrespective of the methodology chosen to detect 
inhibition, strengthen our conclusions that the response to 
clopidogrel therapy is indeed heterogeneous and that drug 
resistance occurs. Our observations are in agreement with one 
other report of 1 8 patients with stable angina treated with the 
same clopidogrel regimen after coronary intervention. 12 
Those investigators demonstrated variable inhibition of ADP- 
induced fibrinogen binding on day 2 after stenting. 

Our definition of drug resistance was empirical because 
there have been no extensive reports on this subject among 
patients treated with clopidogrel. Clopidogrel inhibits aggre- 
gation in response to ADP, and therefore, we studied the 
response to 2 different concentrations of this agonist with 
light-transmittance aggregometry. Moreover, we assessed the 
expression of an established marker of platelet activation 
(P-selectin) in response to a maximal agonist concentration 
and studied the response of a sensitive platelet activation- 
dependent marker (PAC-1 binding) in nonstimulated blood. 5,9 

The present study suggests that the maximum inhibitory 
response to a 300-mg loading dose followed by 75 mg/d 
occurs within 24 hours. These findings are consistent with 
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reports in healthy volunteers and in patients undergoing 
coronary stenting. 13 * 14 

The response to clopidogrel appears to be patient specific. 
The robust correlations demonstrated that in most patients, 
the 30-day inhibitory response from clopidogrel was pre- 
dicted by the 5-day response. Of equal importance, the 
present investigation also suggests that resistance to clopi- 
dogrel does not accrue over time. 

The present study is the first to demonstrate that the level 
of platelet reactivity after the standard clopidogrel regimen 
for coronary stenting is critically dependent on the pretreat- 
ment reactivity. The present in vitro tests suggest that patients 
with the greatest pretreatment platelet activity have the least 
antithrombotic protection, particularly within the first 24 
hours of therapy. The level of platelet reactivity has been 
correlated with adverse events by others. 4 Moreover, an 
examination of P-selectin expression suggests that this rela- 
tionship is true even after 5 days of therapy, when those 
patients with the greatest baseline expression of this 
activation-dependent receptor tended to be more reactive than 
those with baseline low or moderate expression. The present 
findings may help to explain why ticlopidine without a 
loading dose did not prevent stent thrombosis in the first 3 
days after the procedure. 13 The similar findings at 24 hours 
using 2 different established markers of platelet activity 
strengthen our conclusion that the response to clopidogrel 
therapy is indeed dependent on pretreatment reactivity. Pre- 
vious investigations using aggregometry and P-selectin ex- 
pression as markers of reactivity have shown that loading 
doses higher than 300 mg may enhance and accelerate 
platelet inhibition in patients undergoing coronary interven- 
tions. 16 - 19 Similar strategies may particularly benefit patients 
with high pretreatment reactivity. 

Limitations 

The present study included patients undergoing elective 
coronary stenting, which is known to increase platelet reac- 
tivity. 8 Because pretreatment reactivity affected the reactivity 
measured after antiplatelet therapy, postdrug platelet reactiv- 
ity may be less in studies of healthy volunteers and in patients 
with stable coronary artery disease. Our definition of resis- 
tance involves the amplitude of maximal platelet aggregation 
and can be influenced by various factors, including intrapa- 
tient variability. The current rates of stent thrombosis ob- 
served in elective stenting are much lower than the incidence 
of clopidogrel resistance in the present study, which suggests 
that our definition may be an overestimate or that resistance 
to clopidogrel is not a primary factor influencing stent 
thrombosis in these patients. However, the present data imply 
that nonresponders with high pretreatment reactivity may be 
at greatest risk. 

In conclusion, the platelet inhibitory response to the 
standard dosing regimen of clopidogrel for coronary stenting 
is variable, follows a normal distribution* and appears stable 
over 30 days. Patients with high pretreatment reactivity are 
the least protected within the first 5 days of treatment. Further 
study is necessary to investigate the mechanisms of these 
findings and how they correlate with the occurrence of 



ischemic events. The present work would also support further 
investigations to determine whether higher clopidogrel doses 
may overcome interindividual differences in drug response. 

Acknowledgments 

Supported by the Sinai Center for Thrombosis Research and Platelet 
and Thrombosis Research, LLC. 

References 

1. Gurbel PA, O'Connor CM, Cummings CC, ct al. Clopidogrel: the future 
choice for preventing platelet activation during coronary stenting? Pharm 
Res 1999;65:109-123. 

2. Yusuf S, Zhao F, Mehta SR, ct al, for the Clopidogrel in Unstable Angina 
to Prevent Recurrent Events Trial Investigators. Effects of clopidogrel in 
addition to aspirin in patients with acute coronary syndromes without 
ST-scgmcnt elevation. N Engl J Med. 2001;345:494-502, 

3. CAPRIE Steering Committee. A randomised, blinded, trial of clopidogrel 
versus aspirin in patients at risk of ischacmic events (CAPRIE). Lancet. 
1996;348:1329-1339. 

4. Stcinhubl SR, Talley JD, Bradcn GA, et al. Point of care measured 
platelet inhibition correlates with a reduced risk of an adverse cardiac 
event after percutaneous coronary intervention: results of the GOLD 
(AU-Asscssing Ultcgra) multiccnter study. Circulation. 2001; 103: 
2528-2530. 

5. Shattil S J, Cunningham M, Hoxie JA. Detection of activated platelets in 
whole blood using activation-dependent monoclonal antibodies and flow 
cytometry. Blood. 1987;70:307-315. 

6. Gurbel PA, Scrcbruany VL, Shustov AR, ct al. Effects of rcteplase and 
altcptase on platelet aggregation and major receptor expression during the 
first 24 hours of acute myocardial infarction treatment. J Am Coll 
Cardiol 1998;31:1466-1473. 

1, Ruggcri ZM. New insights into the mechanisms of platelet adhesion and 
aggregation. Sent'm Hematol 1994;31:29-39. 

8. Gurbel PA, Cummings CC, Bell CR, ct al. Onset and extent of platelet 
inhibition by clopidogrel loading in patients undergoing elective coronary 
stenting: the Plavix Reduction Of New Thrombus Occurrence (PRONTO) 
trial. Am Heart J. 2003;145:239-247. 

9. Gawaz M, Neumann FJ, Schomig A. Evaluation of platelet membrane 
glycoproteins in coronary artery disease: consequences for diagnosis and 
therapy. Circulation. 1999;99:E1-E11. 

10. Gurbel PA, Kcrciakcs DJ, Dalcsandro MR* ct al. Role of solubte and 
platelet-bound p-selectin in discriminating cardiac from non-cardiac chest 
pain at presentation in the emergency department. Am Heart J. 2000; 139: 
320-328. 

1 1. Scrcbruany VL, Gurbel PA, Shustov AR, ct al. Heterogeneity of platelet 
aggregation and major surface receptor expression in patients with acute 
myocardial infarction. Am Heart J. 1998;136:398-405. 

12. Jaremo P, Lindahl TL, Fransson SG, ct al. Individual variations of platelet 
inhibition after loading doses of clopidogrel. J Intern Med. 2002;252: 
233-238. 

13. Savcic M f Haucrt J, Bachmann F, et al, Clopidogrel loading dose reg- 
imens: kinetic profile of pharmacodynamic response in healthy subjects. 
Semrn Thromb Hemost. 1999;25:15-19. 

14. Gurbel PA, Malinin Al, Callahan KP, ct al. Effect of loading with 
clopidogrel at the time of coronary stenting on platelet aggregation and 
GP llbrtlla expression and platelet-leukocyte aggregate formation. Am J 
Cardiol 2002;90:312-315. 

15. Schuhlen H, Kastrati A, Dirschingcr J, at al, Intracoronary stenting and 
risk for major adverse cardiac events during the first month. Circulation. 
1998;98:104-111. 

16. Seyfarth HJ, Koksch M, Roethig G, et al. Effect of 300- and 450-mg 
clopidogrel loading doses on membrane and soluble P-selcctin in patients 
undergoing coronary stent implantation. Am Heart J. 2002; 143: 118-123. 

17. Clacys MJ, Van Der Planken MG, Michicls J J, ct al. Comparison of 
antiplatelet effect of loading dose of clopidogrel versus abciximab during 
coronary intervention. Blood Coagul Fibrinolysis. 2002;13:283-288. 

1 8. Gawaz M, Seyfarth M, Mullcr I, et al. Comparison of effects of clopi- 
dogrel versus ticlopidine on platelet function in patients undergoing 
coronary stent placement. Am J Cardiol 2001;87:332-336. 

19. Mullcr I, Seyfarth M, Rudiger S, ct al. Effect of a high loading dose of 
clopidogrel on platelet function in patients undergoing coronary stent 
placement. Heart. 2001;85:92-93. 



Exhibit 36 



European Medicines Agency 
Evaluation of Medicines for Human Use 



DocRef: EME AJ 117561/2009 



ASSESSMENT REPORT 
FOR 



International Nonproprietary Name: 

Procedure No. EMEA/H/C/000984 

Assessment Report as adopted by the CHMP with 
all information of a commercially confidential nature deleted. 



7 Westferry Circus, Canary Wharf, London, E14 4HB, UK 
Tel. (44-20)74 18 84 00 Fax (44-20) 74 1 8 85 45 
E-mail: mail@emea.europa.eu htto://www.emea.europa.eu 



© European Medicines Agency, 2009. Reproduction is authorised provided the source is acknowledged. 



TABLE OF CONTENTS 



1. BACKGROUND INFORMATION ON THE PROCEDURE 3 

1 . 1 Submission of the dossier 3 

1 .2 Steps taken for the assessment of the product 3 

2 SCIENTIFIC DISCUSSION 4 

2.1 Introduction 4 

2.2 Quality aspects 5 

2.3 Non-clinical aspects 8 

2.4 Clinical aspects 18 

2.5 Pharmacovigilance 49 

2.6 Overall conclusions, risk/benefit assessment and recommendation 54 



2/59 © EMEA 2009 



l. BACKGROUND INFORMATION ON THE PROCEDURE 



1.1 Submission of the dossier 

The applicant Eli Lilly Nederland B.V. submitted on 06 February 2008 an application for Marketing 
Authorisation to the European Medicines Agency (EMEA) for Efient, through the centralised 
procedure under Article 3 (2) (a) of Regulation (EC) No 726/2004. The eligibility to the centralised 
procedure was agreed upon by the EMEA/CHMP on 25 January 2007. 

The legal basis for this application refers to: 

A - Centralised / Article 8(3) / New active substance. 

Article 8,3 of Directive 2001/83/EC, as amended - complete and independent application 

The application submitted is a complete dossier composed of administrative information, complete 
quality data, non-clinical and clinical data based on applicants' own tests and studies and/or 
bibliographic literature substituting/supporting certain test(s) or study(ies). 

Licensing status: 

The product was not licensed in any country at the time of submission of the application. 
The Rapporteur and Co-Rapporteur appointed by the CHMP were: 

Rapporteur: Steffen Thirstrup Co-Rapporteur: Gonzalo Calvo Rojas 

1.2 Steps taken for the assessment of the product 

• The application was received by the EMEA on 6 February 2008. 

• The procedure started on 27 February 2008. 

• The Rapporteur's first Assessment Report was circulated to all CHMP members on 
19 May 2008. The Co-Rapporteur's first Assessment Report was circulated to all CHMP 
members on 20 May 2008. 

• During the meeting 23-26 June 2008, the CHMP agreed on the consolidated List of Questions to 
be sent to the applicant. The final consolidated List of Questions was sent to the applicant on 
26 June 2008. 

• The applicant submitted the responses to the CHMP consolidated List of Questions on 
21 July 2008, 

• The Rapporteurs circulated the Joint Assessment Report on the applicant's responses to the List 
of Questions to all CHMP members on 9 September 2008. 

• During the CHMP meeting on 22-25 September 2008, the CHMP agreed on a List of 
Outstanding Issues to be addressed in writing and in an oral explanation by the applicant and in 
addition CHMP agreed on questions to be addressed to a SAG-CVS. 

• The applicant submitted the written responses to the CHMP List of Outstanding Issues on 
16 October 2008. 

• During a meeting of a SAG group on 30 October 2008, experts were convened to address 
questions raised by the CHMP, 

• During the CHMP meeting on 17-20 November 2008, outstanding issues were addressed by the 
applicant during an oral explanation before the CHMP. 

• During the meeting on 15-18 December 2008, the CHMP, in the light of the overall data 
submitted and the scientific discussion within the Committee, issued a positive opinion for 
granting a Marketing Authorisation to Efient on 18 December 2008. The applicant provided the 
letter of undertaking on the follow-up measures to be fulfilled post-authorisation on 
16 December 2008. 
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The CHMP opinions were forwarded in all official languages of the European Union, to the 
European Commission, which adopted the corresponding Decision on 25 February 2009. 



2 SCIENTIFIC DISCUSSION 



2.1 Introduction 

Platelets play a central role in the pathogenesis of atherothrombosis and in the formation of thrombi 
following coronary angioplasty, with and without stent implantation. Platelets initially adhere at sites 
of vascular injury, atherosclerotic plaque rupture, balloon angioplasty, and stenting. Platelet activation 
following these interactions results in the release of ADP, thromboxane A2, and other mediators. 
Released ADP promotes platelet activation via the G-protein linked P2Y1 and P2Y12 purinergic 
receptors leading to further platelet activation, aggregation, and other platelet functions, such as 
platelet shape change, secretion, and the development of pro-coagulant and pro-inflammatory 
activities. 

Activated platelets are recruited to sites of coronary plaque rupture and intra-arterial stenting, thereby 
forming aggregates that may lead to platelet-rich thrombi, vascular occlusion, tissue ischemia, and 
myocardial necrosis in what is collectively known as Acute Coronary Syndrome (ACS). The term 
ACS is a pathophysiological continuum progressing from ischemic chest pain with sudden onset and 
worsening (UA), to ischemia severe enough to cause irreversible myocardial damage detected with 
cardiac biomarkers without persistent ST-segment elevation (NSTEMI), to total occlusion of the 
culprit coronary artery with persistent ST-segment elevation, resulting in myocardial necrosis and 
elevated biomarkers (STEMI). 

ACS occurs in a diverse global population and has a significant socioeconomic impact as patients 
require hospitalization, rehabilitation, and often suffer subsequent ischemic events. 
Acute coronary syndromes will likely remain one of the leading causes of hospitalisation worldwide 
due to the increasing prevalence of risk factors for coronary heart disease and the increasing size of the 
aged population. 

Options for the initial management of ACS include pharmacotherapy alone or an early invasive 
strategy with PCI (with or without coronary stenting) or coronary artery bypass grafting (CABG) as 
guided by the results of coronary angiography. The current American College of Cardiology/ American 
Heart Association (ACC/AHA) and European Society of Cardiology (ESC) guidelines recommend an 
early invasive strategy for ACS patients with intermediate to high-risk features. Pharmacotherapy 
includes both anticoagulant and anti-platelet drugs. The current standard of care for patients with ACS 
includes dual anti-platelet therapy with aspirin and thienopyridine in both the acute and chronic phases 
of treatment. This therapy improves outcome in patients with ACS and those undergoing percutaneus 
coronary intervention (PCI); the high risk of for early stent-associated thrombosis is substantially 
reduced by dual antiplatelet therapy. Ticlopidine and clopidogrel are the two currently approved 
thienopyridines. They are pro-drugs requiring in vivo metabolism to form the active metabolite that 
binds rapidly and irreversibly to platelet P2Yi 2 receptors, thus inhibiting platelet aggregation mediated 
by the P2Yi 2 receptor, Clopidogrel has largely replaced ticlopidine due to its once-daily dosing 
regimen, improved tolerability and lowered incidence of adverse hematolgical side effects. 
Several potential limitations of clopidogrel therapy have been identified despite loading dose of 
clopidogrel. This includes marked inter-individual variability in platelet inhibition and relatively slow 
onset of action. An association between thrombotic complications following PCI and poor antiplatelet 
response to the approved standard clopidogrel dosing regimen (loading dose (LD) 300 mg and 
maintenance dose (MD) 75 mg) has been suggested. Further, it has been shown that "non- 
responsiveness" to a clopidogrel 600 mg LD is a strong predictor of stent thrombosis in patients 
receiving drug-eluting stents, and in addition, that residual platelet aggregation above the median is 
associated with a 6.7-fold increased risk of major adverse cardiac events (death, myocardial infarction 
and target vessel revascularisation) at 1 month follow-up in patients undergoing elective PCI. 
These observations suggest the possibility that higher and more consistent levels of platelet inhibition 
may improve clinical outcome in patients with ACS undergoing PCL 

Prasugrel, a thienopyridine adenosine diphosphate (ADP) receptor antagonist, is an orally 
administered pro-drug requiring in vivo metabolism to form the active metabolite (R-l 38727) that 
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irreversibly inhibits platelet activation and aggregation mediated by the P2Y I2 -receptor, Prasugrel has 
a distinct chemical structure that permits efficient conversion to its active metabolite through rapid 
hydrolysis by carboxylesterases and then by multiple cytochrome P450 (CYP) enzymes. Once bound, 
a platelet is inhibited for its remaining lifespan. After prasugrel dosing is stopped, a return to baseline 
levels of platelet aggregation will occur as new platelets are formed. The return to baseline typically 
occurs over about 7 to 10 days after treatment is stopped. 

Non-clinical studies indicated that, with respect to inhibiting ex vivo platelet aggregation and in vivo 
thrombus formation, prasugrel was approximately 10-100-fold more potent than clopidogrel and 
ticlopidine, respectively. Early clinical data in healthy subjects confirmed the greater platelet 
inhibition and more consistent response to prasugrel compared to clopidogrel While the active 
metabolites of prasugrel and clopidogrel resulted in similar levels of platelet inhibition in vitro, the 
amount of each active metabolite generated in vivo was quite different, with prasugrel LD (60 mg) 
resulting in approximately 50-fold greater exposure, on pr. Mg basis, to its active metabolite compared 
to clopidogrel LD of 300 mg. This observation provides a mechanistic basis for the faster, higher and 
more consistent inhibition of platelet aggregation (IP A) observed with prasugrel, 

2.2 Quality aspects 
Introduction 

Efient contains prasugrel hydrochloride as active substance. Prasugrel is a member of the 
thienopyridine class of antiplatelet agents. Currently available thienopyridines include clopidogrel and 
ticlopidine. Prasugrel is an orally bioavailable prodrug metabolized to an active adenosine diphosphate 
(ADP) receptor antagonist, which is a potent inhibitor of platelet activation and aggregation mediated 
by the P2Y ]2 ADP receptor. 

Efient is an immediate release, double-arrow shaped, film-coated, debossed tablet. Tablets contain 
either 5 or 10 mg of prasugrel and different strengths are differentiated by size, film-coating colour 
and debossing. The tablets are commercially supplied in blister packaging. 

Active Substance 

The INN name of the active substance is prasugrel which is present in the product in the form of the 
hydrochloride salt. The chemical name is 5-[(li? t S')-2-cyclopropyl-l-(2-fluorophenyl)-2-oxoethyl]- 
4,5,6,7-tetrahydrothieno[3,2-c]pyridin-2-yl acetate hydrochloride corresponding to the molecular 
formula C20H20FNO3S*HCl and molecular mass of 409.90 

Prasugrel hydrochloride is white to light brown crystalline solid, slightly hygroscopic and soluble to 
slightly soluble at pH 1-4, very slightly soluble at pH 5 and practically insoluble at pH 6-7, The pKa 
value of prasugrel hydrochloride was 5.1. It shows polymorphism. It is obtained as a racemic mixture; 
therefore, it shows no optical rotation, 

Prasugrel hydrochloride is a prodrug. In aqueous media, cleavage of the ester moiety forms the 
hydrolysis product, which exists as a mixture of diastereomers, and which are the precursors of the 
active metabolite. The hydrochloride is used because of its better hydrolytic stability and because it 
provides a better solubility at relevant physiological pHs. 

• Manufacture 

The synthetic route involves 3 steps where production of an intermediate, production of prasugrel free 
base and production of prasugrel hydrochloride consecutively takes place. 

. In-process controls performed are suitable to control the reaction progress. The starting materials are 
considered simple molecules and satisfactory specifications were presented. 

During development of the drug substance manufacturing process, quality attributes of the drug 
substance were evaluated with respect to the drug product manufacturing process and with respect to 
their impact on the critical quality attributes of the drug product. This analysis resulted in the 
identification of six drug substance critical quality attributes. The drug substance specification has 
been established to confirm that the manufacturing process reproducibly and reliably produces a drug 
substance that meets the critical quality attributes. Potential critical process parameters (CPPs) were 
identified by statistical design methods and a mechanistic understanding of the drug substance process. 
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All manufacturing steps are thoroughly examined and design spaces have been developed. 
Concerning the use of concentrated HC1, there is a potential risk that acetone is converted into 
diacetone alcohol and then to mesityl oxide. However, any level in the final substance is below the 
LOQ, which is below the limit of toxicological concern. 

The same synthetic route has been used to prepare all of the prasugrel hydrochloride salt used in 
clinical and development studies and it is the synthetic route for commercial drug substance 
manufacture. 

• Specification 

The drug substance specification includes tests for appearance (visual), identification (ER. for prasugrel 
selective precipitation for CI), assay (HPLC), impurities (HPLC), residual solvents (GC), water (Karl 
Fischer), Fineness (sieving) and Specific Surface Area (BET). 

Results for 3 commercial scale batches were provided analyzed by the current analytical methods and 
against the current specifications. The results comply with the specification. 

In addition results of another numerous historical batches were provided as supportive data. However 
these batches were tested by analytical methodologies and against specifications that both have 
evolved during development. 

• Stability 

Three pilot batches (50% of full scale) were put on long-term (25°C/ 60%RH) and accelerated (40°C/ 
75%RH) stability testing conditions respectively. In addition results from supporting stability studies 
were presented on another three earlier batches manufactured at both pilot and full scale. However the 
use of different equipment in the manufacture of the pilot and early batches resulted in differences in 
the chemical stability of the active substance and therefore the equipment yielding to more stable 
material was chosen. All these batches have been stored in the proposed market packaging with the 
exception of the supporting stability batches where desiccant was not included. 24 months of stability 
data were available at the long-term storage condition of 25°C/60% RH for the primary stability 
studies, up to 36 months for the supporting stability studies and six months data under accelerated 
conditions. 

It was apparent from the results that generally no significant changes are seen neither at 25°C/60% RH 
nor at 40 °C/ 75 %RH except for an impurity which increased, but still within the limit. 
The photostability of prasugrel hydrochloride in the solid state was assessed and results showed that it 
does not need to be protected from light in the solid state. 

Finally stress testing studies have been conducted on prasugrel hydrochloride drug substance in order 
to gain an understanding of its degradation chemistry 

The conclusion from the stress degradation, long term, and accelerated stability studies is that 
prasugrel hydrochloride drug substance is stable when packaged in the container closure system 
proposed. Prasugrel hydrochloride is susceptible to hydrolysis and therefore contact with water should 
be avoided. The results of these primary stability studies demonstrate that the drug substance is stable 
when stored at room temperature in the appropriate packaging system. The data collected to date 
support the proposed retest period. 

Medicinal Product 

• Pharmaceutical Development 

Prasugrel hydrochloride is a prodrug. Initial clinical studies were conducted using prasugrel free base 
tablets. However, prasugrel hydrochloride was selected for commercial development based on the 
higher solubility of this salt form relative to the free base across the gastrointestinal pH range. Initial 
trials however exhibited undesirable degradation product formation and demonstrated that the 
hydrochloride salt was more susceptible to hydrolysis than the free base. 

Nevertheless the use of the salt rather than the free base was selected as a result of clinical data 
indicating that the rate and/or extent of absorption of the free base is adversely affected if the patient 
takes concomitant medications, which increase gastric pH. Above pH 6, the bioavailability of 
prasugrel free base was substantially reduced. Based on these results, it was decided to develop the 
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prasugrel hydrochloride tablet formulations. Solubility determination results and permeability and 

metabolism information suggest that prasugrel HC1 is a BCS class 2 compound. 

Also, a food effect study and a study with a gastric pH modifier were conducted in humans to assess 

the in vivo performance of prasugrel hydrochloride or prasugrel free base tablets. 

As prasugrel hydrochloride is susceptible to both hydrolytic and oxidative degradation, the 

formulation, manufacturing process, and packaging of tablets focused on approaches to maintain 

product stability. 

An extensive formulation development has been conducted. Design spaces have been defined through 
statistically-designed and individual studies. Critical and non-critical process parameters have been 
defined. A fmished product specification covering all normal parameters has been set up. The quality 
features are provided in prasugrel hydrochloride tablets using the concepts and elements of Quality by 
Design with risk assessment and risk mitigation in order to ensure that key product attributes were 
defined at an early stage. 

The choice and function of the excipients in the formulation was based on the need for excipients that 
have the smallest possible impact on the degradation of the drug substance in formulation and the 
physical properties necessary for the manufacturing process. 

During development, core tablet strengths ranging from 5 mg to 15 mg were developed that are 
qualitatively identical and quantitatively vary only in the percent w/w drug loading with concomitant 
adjustment of the diluent, the percentage of the other excipients in the core tablet are identical. A 
standard film coating is applied to produce tablets of uniform colour. 

A number of studies were conducted to determine formulation robustness of the process and the 
formulation. Dissolution is affected by pH and decreases with increasing pH. 

Clinical studies have demonstrated that tablet performance is not affected by formation of the free 
base over a range of 5%-70% conversion. AUC and C max of the active metabolite were bioequivalent 
after 1 hour. 

A reaction between prasugrel HC1 and an excipient was observed late in the development studies 
during manufacture and storage. This reaction leads to a partial and irreversible formation of prasugrel 
free base in the tablets. Analysing the samples used for clinical phase 3 study indicated that salt-to- 
base formation of at least up to 70% had no clinical impact and a requirement has been included in the 
finished product specification. 

Due to prasugrel hydrochloride susceptibility to hydrolytic and oxidative degradation a dry 
manufacturing process was selected. Extensive experiments have been conducted to ensure a robust 
manufacturing process through design spaces. This has been used to set up the process controls for the 
production batches.. The container has been chosen to minimize humidity and to provide the necessary 
oxygen protection through out the shelf life of the product. 

• Adventitious Agents 

None of the excipients are animal-sourced, thus eliminating any risk of TSE contamination in the 
tablet formulation. The film-coating colour mixture utilizes a single animal-sourced excipient, lactose 
monohydrate. The source of the lactose complies with regulations to ensure patient safety, 

• Manufacture of the Product 

A dry manufacturing process is utilised for the manufacture of Efient comprising the following steps: 
blending, dry granulation, blending, compression, coating and drying of tablets, packaging. The 
manufacturing process is sufficiently described and in-process controls are adequate. 
Validation data on three commercial-scale 5 mg batches and three commercial-scale 10 mg batches 
provided satisfactory reassurance for the reproducibility and consistency of the manufacturing process. 

• Product Specification 

The specifications of the drug product at release and shelf-life include tests for appearance (visual), 
identity (Et), assay (HPLC), uniformity of dosage units (Ph.Eur.), degradation products (HPLC), dye 
identity test (not routinely), dissolution (Ph.Eur.), tablet form conversion (XRPD). 
Batch results are provided for commercial scale batches and clinical trials batches. The results comply 
with the specification, confirm consistency of the product and support the acceptance criteria. 
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• Stability of the Product 

Stability studies have been conducted according to ICH guidances. 

Three production scale batches of 5 mg tablets have been stored at 25°C/60% RH for 12 months, at 
30°C/75% RH, for 12 months and at 40°C/75% RH for 6 months in the proposed market packaging. 
Another three production scale batches of 10 mg tablets have been stored at 25°C/60% RH for 18 
months, at 30°C/65% RH, for 18 months and at 40°C/75% RH for 6 months in the proposed market 
packaging. 

Bulk simulator samples of both 5 and 10 mg tablets were also stored at 25°C/60% RH and at 5°C for 

12 months, at 40°C/75% RH for 1 month and at -20°C for 1 month. 

Additionally a supporting study for the 10 mg tablets stored in blisters was presented. 

Stability results indicate that all tested parameters remain within the specification limits. Degradation 

products levels tend to increase but comply with the individual specification requirements at long term 

conditions throughout 24 months (statistically), 

Photostabilitv: A production scale batch of each strength was tested according to ICHQ1B. It is 
concluded from the results that no special precautions are required since the blister provides the 
necessary protection and the product is to be labelled to be kept in the original package. 

Stress testing: A production scale batch of each strength was used for stress testing together with a 
placebo.. It was found that the prasugrel in the tablets degraded with exposure to heat and moisture, 
particularly in an ambient oxygen environment. Prasugrel does not degrade significantly with 
exposure to simulated sunlight. 

Tablet Form Conversion : Primary stability samples were analyzed for the level of prasugrel free base 
after storage in both bulk and commercial packages. The conversion of prasugrel hydrochloride to 
prasugrel free base is primarily due to exposure to moisture, . However the present manufacturing 
method is shown to provide the necessary protection against moisture. 

Discussion on chemical, pharmaceutical and biological aspects 

The quality of Efient film-coated tablet is adequately established. Information on development, 
manufacture and control of the drug substance has been presented in a satisfactory manner. The 
quality of the active substance is considered sufficiently described and adequately supported by data. 
Sufficient chemical and pharmaceutical documentation relating to development, manufacture and 
control of the drug product has been presented. The results of tests carried out indicate satisfactory 
consistency and uniformity of important product quality characteristics, and these in turn lead to the 
conclusion that the product should have a satisfactory and uniform performance. 
Stability tests indicate that the product under ICH guidelines conditions is chemically stable for the 
proposed shelf life. 

2.3 Non-clinical aspects 

Introduction 

Prasugrel belongs to the thienopyridine class of prodrugs and is inactive in vitro. Initial studies 
required dosing animals with prasugrel with subsequent blood collection to look for in vivo activation 
as reflected in ex vivo pharmacodynamics measurements. Once the ex vivo evidence for the activation 
of prasugrel in vivo was established, subsequent studies addressed the potential activity of prasugrel in 
disease models of target indications (thrombosis). Prasugrel administration resulted in prolongation of 
the bleeding time as did clopidogrel and ticlopidine as it was seen in a model of haemostasis. 

Consistent with differing mechanisms of action, co-administration of aspirin showed 
additive/synergistic interaction in studies of both thrombosis and haemostasis. Having established the 
in vivo activity of prasugrel in disease models reflecting the clinical target indication, studies were 
performed to characterize the activities of the active metabolite of prasugrel by in vitro studies. 
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The rationale for the non clinical development and application for marketing approval of prasugrel is 
considered well established. The extent and scope of the documentation provided are appropriate to 
characterise the non clinical profile of the product 

The following guidelines were considered: Note for guidance on safety pharmacology studies for 
human pharmaceuticals (CPMP/ICH/539/00) 3 Note for Guidance on Toxicokinetics: the assessment of 
systemic exposure in toxicity studies (CPMP/ICH/3 84/95), Non-clinical guideline on drug-induced 
hepatotoxicity (CHMP/SWP/ 150 11 5/2006), Note for Guidance on carcinogenicity: testing for 
carcinogenicity of pharmaceuticals (CPMP/ICH/299/95), Note for Guidance on the detection of 
toxicity to reproduction for medicinal products and toxicity to male fertility (CPMP/ICH/3 86/95), 
Guideline on risk assessment of medicinal products on human reproduction and lactation: from data to 
labelling (EMEA/CHMP/203 927/05), and Guidance on the Environmental risk assessment of 
medicinal products for human use (CHMP/SWP/4447/00). 

The analytical method validation study in beagle dogs for the pharmacokinetics of prasugrel active 
metabolite was conducted in compliance with the GLP guidelines. 

The safety pharmacology studies provide an evaluation of the safety pharmacology of prasugrel and 
meet the standards for general pharmacology studies in effect at the time of their conduct. This is 
considered acceptable by the CHMP. All pivotal toxicity studies were conducted in compliance with 
GLP regulations. 

Pharmacology 

• Primary pharmac odynamics 

In ex vivo studies with rats, dogs, and cynomolgus monkeys, prasugrel demonstrated dose-dependent 
inhibition of ADP-induced platelet aggregation. Unless indicated otherwise, platelet function studies 
were performed using light transmission aggregometry (LTA), which monitors the increase in light 
transmission in stirred suspensions of platelets in citrated plasma (platelet-rich plasma, PRP) as they 
aggregate in response to activation with agonists such as ADP. ADP is a natural ligand for the target 
receptor (P2Y U ) of the thienopyridine class of oral antiplatelet agents (ticlopidine, clopidogrel, and 
prasugrel). 

The selectivity of prasugrel for antagonism of ADP-induced platelet aggregation was demonstrated by 
the lesser inhibition of aggregation achieved with thrombin vs ADP in platelets under ex vivo 
conditions. Prasugrel's inhibitory effects were maintained after washing of the platelets, showing an 
irreversible platelet inhibition. Studies in rats compared prasugrel's potency with that of clopidogrel 
and indicated a faster onset of action, since prasugrel (1-10 mg/kg, p.o.) caused dose-dependent 
inhibition of platelet aggregation at 0.5 hr after dosing with an ED 50 value of 4.2 mg/kg, suggesting an 
early onset of action. In contrast, clopidogrel (10-100 mg/kg, p.o) showed moderate effect at 0.5 hr 
(ED 50 > 100 mg/kg). The maximum effect of both prasugrel and clopidogrel were observed at 4 hr 
after administration; the ED 50 values being 1.1 mg/kg (p.o,) and 15 mg/kg (p.o.) 5 for prasugrel and 
clopidogrel, respectively. The inhibitory effects of prasugrel (1-3 mg/kg) and clopidogrel (10-30 
mg/kg) were long-lasting, and these inhibitions completely disappeared at 96 hr after administration. 

The ex vivo effects of prasugrel on platelet aggregation in male cynomolgus monkeys assessed as the 
ADP (lOjiM)-induced platelet aggregation in platelet-rich before and after oral administration of 
prasugrel showed that prasugrel (0.1 and 0.3 mg/kg/day) given orally once a day for 14 days inhibited 
platelet aggregation in a dose-dependent manner. The inhibitory effect reached a plateau on days 3 to 
5, suggesting cumulative effects of prasugrel, and was maintained during the administration of 
prasugrel after reaching the maximal effect. The effects slowly declined after cessation of prasugrel 
administration. There were no significant inhibitions of platelet aggregation on the 7th day after the 
final dose of prasugrel (day 21), These results indicate that repeatedly administered prasugrel exhibits 
a potent and long-lasting antiplatelet effect. 

Inhibitory effects of 14 day lasting repeated administration of prasugrel (0,03-0.3 mg/kg/day, p.o.) on 
platelet aggregation in the beagle dog were investigated. The ADP (8}iM)-induced platelet aggregation 
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measurements showed inhibitory effects of prasugrel (0.1 and 0.3 mg/kg/day) reaching plateau on day 
3. After cessation of administration., inhibition of platelet aggregation gradually decreased. 

The in vivo effects of prasugrel were assessed in various non clinical pathophysiological models of 
thrombotic challenge: 

- The arterio-venous shunt model 

- The electrical injury model 

- The stroke model 

- The pathophysiological model of peripheral artery disease 

- The bleeding time model 

In the rat arterio-venous shunt model, prasugrel reduced thrombus formation in a dose-dependent 
manner. Similarly, prasugrel prolonged the time to occlusion and increased the patency in the 
electrical injury model of arterial thrombosis in a dose-dependent way. The cumulative inhibitory 
nature of repeat dosing with thienopyridines was demonstrated using the same model during a 
repeated 3 day dosing regimen. Treatment with prasugrel resulted in a dose-dependent reduction of the 
incidence, total area, and the number of cerebral infarcts in a model of embolic cerebral infarction in 
the rat, while clopidogrel had lower activity. In a model of peripheral arterial disease whereby 
injection of lauric acid into the rat femoral artery produces endothelial injury, platelet adhesion, and 
platelet aggregation, prasugrel dose-dependently inhibited progression of the lesions. Prasugrel also 
caused a prolongation of bleeding time in a tail transaction model in rat, 

Prasugrel contains a chiral centre and thus, exists as two individual enantiomers: the R-enantiomer (R- 
96875) and the S-enantiomer (R-96876). The platelet inhibitory effects of the individual enantiomers 
were evaluated following the oral administration to both, rats and monkeys, and following single oral 
administration of the prasugrel* s individual enantiomers to beagle dogs. Additional in vitro studies 
were conducted in order to evaluate the effects on platelet aggregation. 

Oral administration of R-96875 and R-96876 (both at 1 and 3 mg/kg) to rats dose-dependently 
inhibited platelet aggregation at 2 and 4 hr after dosing, respectively. There were no statistically 
significant differences in the efficacy between R-96875 and R-96876 at the same dosage. The ED 50 
values at 4 hr after dosing were 1.4 mg/kg for R-96875 and 1.3 mg/kg for R-96876. Effects of a 3 day 
repeated administration of R-96875 and R-96876 (both at 0.3 mg/kg/day, p.o.) on ADP-induced 
platelet aggregation using platelet-rich plasma were also examined in cynomolgus monkeys. The 
wash-out periods between the two treatments was considered acceptable. Both isomers caused 
inhibition of platelet aggregation on day 3, and this effect was almost equal between the groups. There 
were no statistically significant differences in the efficacy between R-96875 and R-96876 at any point. 
These results indicate that oral administrations of optical isomers of prasugrel, R- 96875 and R-96876, 
exert a similar extent of ex vivo effect on platelet aggregation in rats and in cynomolgus monkeys. 

The active metabolite R- 13 8727 has two chiral centres, resulting in four enantiomers. Metabolite R- 
138727 has potent and selective P2Y 12 antagonistic activity. The two most potent enantiomers of R- 
138727, the R-125690 and R-125689, are about 100- and 10-fold more potent than enantiomers R- 
125687 and R-125688, respectively. The two most potent enantiomers comprised the majority of the 
circulating R-138727 in rats and humans. 

In pharmacodynamic mechanistic studies, the active metabolite of prasugrel, R-99224, affected P2Y 12 - 
specific biomarkers, including alpha granule release, fibrinogen binding, and restoration of ADP- 
induced reduction of PGE t - induced elevation cAMP. In contrast, P2Y] biomarkers (platelet shape 
change, Ca 2+ mobilisation) were unaffected by pre-incubation of platelets with prasugrel' s active 
metabolite. This confirms that the inhibition of the platelet aggregation by prasugrel is mediated by 
P2Y t2 receptors. The pharmacological effects are most probably dependant on the production of the 
active metabolites of prasugrel. 

Inhibitory effects of orally administered optical isomers of prasugrel on platelet aggregation 
investigated in beagle dogs was measured as the platelet aggregation induced by ADP (8 \xM) at 2 and 
4 hr post dosing. There were no significant differences in baseline values of platelet aggregation 
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among all groups. In the control group, there were no obvious changes in aggregation after vehicle 
administration. In contrast, each isomer (0,1-1 mg/kg, p.o.) inhibited platelet aggregation in a dose- 
dependent manner. There were no statistically significant differences in platelet aggregation at 2 and 4 
hr post dose between the two isomers at corresponding doses. In addition, ED 50 values for the two 
isomers were similar at 2 and 4 hr post dose. These results show that an oral administration of the 
optical isomers of prasugrel produces anti-platelet effects of similar potency in beagle dogs. This 
pharmacodynamic study supports the use of racemic prasugrel, since all four enantiomers are formed 
as was shown in a pharmacokinetic study in dogs. 

In general, the ex vivo studies with rats, dogs, and cynomolgus monkeys demonstrated dose-dependent 
inhibition of ADP-induced platelet aggregation by prasugrel. Studies in rats also demonstrated 
prasugrel 's potency compared to clopidogrel and suggested a faster onset of action. The selectivity of 
prasugrel antagonism of ADP-induced platelet aggregation was demonstrated by the lesser inhibition 
of aggregation achieved with thrombin vs ADP in platelets ex vivo. The inhibitory effect was 
maintained after washing of the platelets, showing an irreversible platelet inhibition, 

• Secondary pharmacodynamics 

No secondary pharmacodynamic studies were made on binding and activity to other proteins than 
P2Y 12 and P2Y] and the secondary pharmacology data were derived from the results of the safety 
pharmacology studies. The effects observed in these in vitro safety studies occur at a concentration at 
least more than 10-fold higher than the maximum therapeutic concentration observed in humans. Both, 
the non clinical in vivo studies and clinical studies, did not provide any evidence for unexpected 
secondary pharmacodynamic effects of prasugrel. Thus, further studies are deemed unnecessary. 
Nevertheless, the results of a screening of prasugrel and its metabolite Ml in a standard battery of 
receptor binding assays were requested by the CHMP, Thus, Ml and prasugrel were tested in a battery 
of receptor binding assays. Neither prasugrel nor Ml showed affinity for the tested receptor at 
concentrations up to 10 \xM. 

• Safety pharmacology programme 

Assessments of in vivo activity of prasugrel included evaluation of cardiovascular, central nervous 
system (CNS), respiratory, renal, and gastrointestinal (GI) functioning in rodents or dogs. 

Effects on the GI and CNS occurred at high doses of prasugrel. At an oral dose of 100 mg/kg, 
prasugrel produced a significant decrease in paradoxical sleep in rats, without altering the total 
percentage of time spent sleeping. Increased sensitivity to touch was observed in rats at the 300 mg/kg 
oral dose. Other CNS endpoints, including body temperature, clinical observations, precipitated 
seizure thresholds, spontaneous activity, and thiopental-induced sleep times, were not altered 
following administration of single oral doses of prasugrel up to 300 mg/kg. Examination of the effects 
on autonomic nervous system and smooth muscle showed that prasugrel inhibited spontaneous 
movement of isolated rabbit ileum at lxlO" 4 g/ml and inhibited the amplitude and increased frequency 
of spontaneous motility of isolated pregnant rat uterus. Prasugrel at lxlO" 5 g/ml significantly inhibited 
acetylcholine-, histamine- and serotonin induced contractions in isolated guinea pig ileum. 

The potential for prasugrel to inhibit cardiac repolarisation was evaluated by examining the effect of 
three prasugrel metabolites on potassium currents in hERG-transfected cells. The metabolites R- 
138727 and R-l 06583 were evaluated because these are the active and the most abundant inactive 
human metabolites, respectively, and R-95913 was evaluated because it is the intermediary step 
between prasugrel and the active metabolite. No significant effects on the potassium currents in 
hERG-transfected CHO-K1 cells were observed at up to the highest concentrations tested (30 uM for 
R106583 and R138727; 15 |iM for R-95913) which were greater than approximately 485 times the 
expected free C max values of the three metabolites following a clinical loading dose of 60 mg prasugrel. 
Therefore, the hERG data for prasugrel metabolites do not suggest a potential impact of prasugrel on 
cardiac repolarisation due to inhibition of potassium currents. Prasugrel (30 and 100 mg/kg, ID) 
showed no major effects on heart rate, blood pressure, respiration rate, carotid blood flow, or pressure 
response to acetylcholine, norepinephrine or bilateral carotid occlusion in the anesthetised dogs. No 
effects on QT interval were observed in quantitative electrocardiograms evaluated in the 3 and 9 
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month repeat dose studies in dogs at doses approximately nine times the 60 mg clinical loading dose 
calculated as mg/m 2 . 

Prasugrel produced a decreased gastric acid content and gastric volume at 100 mg/kg in rats. 
Furthermore, prasugrel decreased gastric emptying in mice when given for 3 days at the dose of 300 
mg/kg. However, the doses at which these effects occurred were >14 times the 60 mg clinical loading 
dose calculated as mg/m 2 . Prasugrel (10-100 mg/kg, p.o.) had no effects on urinary volume, excretion 
of electrolytes or osmotic pressure in rats. 

• Pharmacodynamic drug interactions 

Thienopyridine antiplatelet agents are commonly used in combination with aspirin as "dual antiplatelet 
therapy". The use of the combination is based on the alternative receptor/signalling pathways that each 
of these agents inhibits and the additive, or synergistic, platelet inhibitory effects that results from co- 
administration. Pharmacodynamic studies were conducted with the combination of prasugrel/aspirin. 
An additional study involved co-administration of other drugs, in which the comparisons of the 
pharmacokinetics and pharmacodynamics of prasugrel base and hydrochloride salt were made in the 
presence of the proton pump inhibitor lansoprazole. 

The additive activity of prasugrel and aspirin has been demonstrated in several studies of platelet 
aggregation (ex vivo) in rats and dogs, thrombus formation {in vivo) in rats, and bleeding time in rats. 
Consistent with these findings, in vitro studies with blood from human volunteers demonstrated that a 
combination of R- 13 8727 and aspirin has additive effects on collagen-induced platelet aggregation. 

The antiplatelet effects of two tablet formulations of prasugrel, the free base tablet and hydrochloride 
salt tablet, were compared in beagle dogs pretreated with lansoprazole, a proton pump inhibitor. 
Plasma concentrations of prasugrel metabolites at 1 hr post dosing were not significantly different 
from those of the free base tablet and hydrochloride salt tablet given to dogs. These results suggest that 
the free base tablet and hydrochloride salt tablet have similar antiplatelet potency in lansoprazole- 
treated dogs. 

Pharmacokinetics 

Absorption, distribution, metabolism, and excretion profile of prasugrel was investigated in mice, rats, 
and dogs, which are also the species used in the toxicological evaluation of the compound. Analytical 
methodology evolved adequately. In initial pharmacokinetic and absorption studies, some inactive 
metabolites of prasugrel were measured and their pharmacokinetic parameters used as indicators of the 
absorption and metabolism of prasugrel. A number of new metabolites were quantified and a method 
for determination of prasugrePs active metabolite concentrations in plasma was ultimately developed. 
Most studies were conducted following oral administration, the intended clinical route of 
administration, 

Prasugrel is rapidly absorbed in all species including humans; T max of the active metabolite R- 13 8727 
is less than 1 hour. Prasugrel itself was not detected in plasma after oral administration. The decline of 
prasugrel related radioactivity was biphasic in rats and dogs. The radioactivity terminal elimination 
half-life seemed to be similar in mice and rats, approximately 24 h, but it is considerably longer in 
dogs, approximately 3 days. In humans, the average terminal elimination half-life of the active 
metabolite R- 138727 was approximately 7 hours. Approximately 21% of a [ 14 C]-prasugrel dose is 
excreted in human faeces within 48 hours. The pharmacokinetic studies have only been conducted in 
male animals. However, no apparent sex differences were observed during the repeat-dose toxicity 
studies. Following single oral doses of prasugrel base or prasugrel hydrochloride, the exposure to 
prasugrel metabolites was evaluated in the mouse, rat, and dog. Exposure parameters to prasugrel 
metabolites were higher for prasugrel hydrochloride compared with prasugrel base at doses of >500 
mg/kg in the rat and at 1 00 mg/kg in the dog. Tissue distribution of radioactivity related to prasugrel 
was studied in rats following single and repeated oral administration. Radioactivity was widely and 
rapidly distributed throughout the body. The radioactivity concentration was highest in most tissues 
involved in the absorption and elimination of the compound and its metabolites, i.e., stomach, 
intestines, liver, kidney and urinary bladder. Prasugrel distributed to the bone marrow of rats with a 
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tissue-to-plasma ratio of less than 0.5. Following repeated daily dosing, accumulation consistent with 
the elimination half-life of prasugrel was observed in most organs. After a single oral dose of 5 mg/kg 
l 4 C-prasugrel to rats on Day 13 of pregnancy, the fetal concentration of prasugrel radioactivity was 
0.27 times that in maternal blood 1 hour after administration and declined thereafter, suggesting low 
placental transfer of prasugrel or its metabolites. Due to instability of the active metabolites R-138727 
in plasma, the protein binding was only investigated in human serum albumin, where the metabolite 
was highly bound by 98% and the species differences in protein binding of the active metabolites R- 
138727 were not assessed. The protein binding of the inactive metabolites R-100932, R-106583 and 
R-95913 was similar in rats, dogs and humans (>80%) while the protein binding of the inactive 
metabolite R-l 19251 was significantly lower in dogs (26-36%) as compared to rats (71-77%) and 
humans (76-77%). Prasugrel was extensively metabolised in all species. A total of eighteen 
metabolites were identified in human plasma. Based on a mean radioactivity above 10%, the following 
major metabolites could be identified: diastereomers of Ml, M2 (R-95913) and M5 (R-106583). The 
metabolites of prasugrel found in human plasma, urine and faeces were also detected in mouse, rat and 
dog; the only exception being M16, which was only identified in the mouse. M16 is M10 conjugated 
to glucuronic acid and M10 was found in all species. Furthermore, the extent of formation of a given 
metabolite varied significantly by species. Metabolite Ml was formed in large amounts in humans and 
was detected in animal plasma, but quantification was not conducted in animals due to co-elutmg of 
the radioactive peaks. Metabolites M2, M5, M7 and M14 were also formed in larger amounts in 
humans as compared to the animal species. 

In dogs, the hydrolysis of prasugrel led to a formation of essentially equal amounts of the four 
enantiomers of R-95913. All enantiomers of the active metabolite R-138727 were generated from R- 
95913. The R-125690 and R-125689 enantiomers accounted for approximately 50-64% of the R- 
138727 in dog plasma and >99% in rat plasma. The CHMP also inquired about levels in mice and 
rabbits. It was shown that all tested animal species were exposed to the most potent of enantiomers of 
R-138727, R-125690 and R-125689, at concentrations significantly higher than those observed in 
humans and thus, adequate margins of safety could be assured. Also, all animal species were exposed 
to the least potent of R-138727 enantiomers at concentrations higher than those in humans, with the 
exception of the rat as R-125687 and R-125688 concentrations could not be quantified. 

Considering that isomers can have different or even antagonistic effects towards the same receptor 
system, these opposite effects might occur in species are capable of forming all four enantiomers of R- 
138727. Nevertheless, in the course of several studies of the antagonistic profile of the enantiomers 
using light transmission aggregometry, no evidence of agonistic activity was noted between R-125690 
and R-125689 isomers of R-138727. 

When administered at high doses (>100 mg/kg) to rats, prasugrel induced CYP450 en^mes (CYP2B 
and CYP3A2) and phase II metabolizing enzymes UDP-glucuronosyltransferase and glutathione- 
s-transferase, however, based on the in vitro non clinical study with human hepatocytes, this induction 
is not observed in humans. Furthemiore, the AUC for each measured metabolite decreased after 
multiple dosing compared with the values obtained after the first dose in mice at >100 mg/kg/day, in 
rats at 100 and 300 mg/kg/day, and in dogs at 20 mg/kg/day (after 20 weeks of dosing and beyond). 
However, the exposure data in dogs administered prasugrel at 20 mg/kg for one month were 
essentially unchanged. In the nine month study with dogs, the AUC data for two of the metabolites R- 
100932 and R-106583 decreased after 20 weeks of dosing, while the AUC values of the other 
metabolite, R-95913 were higher in dogs dosed with prasugrel at 20 mg/kg. Thus, the data show some 
auto-induction of prasugrel's metabolism at the 20-mg/kg dose in dogs. Since induction was not 
observed either in vitro or in vivo in humans and the non-clinical data suggest that induction of 
CYP3A4 due to administration of prasugrel is unlikely at clinically relevant plasma concentrations, 
this is not considered a major issue. 

In mice, 90% of the dose was excreted during the first 24 hours post dosing mainly via the urinary 
elimination route. In rats and dogs, the majority of the radioactivity (>90%) was excreted within the 
first 72 hours of dosing in faeces presumably via bile. Approximately 20% of the dose was excreted 
via urine. Radioactivity related to prasugrel was also detected in milk of lactating rats at 
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concentrations up to approximately five times higher than the plasma level. However, the radioactivity 
from milk (T.^9.5 h) was eliminated more rapidly than that from the plasma (T % approximately 24 h). 

No pharmacokinetic drug interactions studies were conducted in animals and this was justified with 
the sufficient evaluation of pharmacokinetic drug interactions in a clinical setting. 

Toxicology 

The toxicological and toxicokinetic profile of prasugrel was investigated in a comprehensive 
programme, including studies on systemic toxicity after single and repeat dose administration, 
reproductive toxicity studies, genotoxicity studies as well as studies addressing specific issues, such as 
antigenicity, phototoxicity, toxicity of impurities, dermal and ocular irritation. 

Prasugrel base was used during the major part of the toxicology program. However, a change was 
made to the hydrochloride salt of prasugrel later in development. Repeat dose studies comparing the 
base and the hydrochloride salt of prasugrel were conducted in mice with two week duration and rats 
and dogs with one month duration. A single dose comparison study was conducted in rats. 

• Single dose toxicity 

Single dose toxicity studies following the oral administration were conducted in rats and mice at doses 
up to 2000 mg/kg. Clinical observations in female rats given 2000 mg/kg included some non-specific 
signs of irregular respiration, reduced locomotor activity, ptosis, lacrimation, and staggering gait. In a 
comparison single dose rat study of prasugrel base v$ prasugrel hydrochloride, no deaths occurred at 
doses of prasugrel base up to 2000 mg/kg, while 3 out of 5 males and 4 out of 5 females administered 
2000 mg/kg prasugrel hydrochloride died. Systemic exposure to prasugrel metabolites in the prasugrel 
hydrochloride group was 1.2 to 3.5 times higher than that of the prasugrel base group and this 
difference is believed to account for the difference in mortality. In an escalating dose study in beagle 
dogs, platelet aggregation was inhibited, consistent with the pharmacological action of the compound. 
Emesis was observed after administration at doses >300 mg/kg, and serum ALP was increased 
following the 2000 mg/kg dose. Slight hepatocellular atrophy and ground glass appearance of 
hepatocellular cytoplasm were also observed in these dogs. Data from mice, rat and dog showed that 
prasugrel has low acute toxicity, 

• Repeat dose toxicity (with toxicokinetics) 

Repeat dose studies of up to three, six, and nine months in duration were conducted with prasugrel 
administered orally to mice, rats, and dogs. In most of these studies prasugrel base was used as the 
tested compound. Bridging studies comparing the toxicity of prasugrel base and prasugrel 
hydrochloride were conducted in each species. 

Mortality, decreased body weight, and anaemia were observed in mice at repeated administration of a 
dose of 1000 mg/kg prasugrel. Anaemia was attributed to subclinical blood loss rather than to 
haematopoietic suppression, since an increase in the reticulocyte ratio was also observed, and there 
were no histologic effects on bone marrow. Liver was the primary target organ and increased liver 
weight and hypertrophy of centrilobular hepatocytes most likely due to induction of drug metabolising 
enzymes were observed. In the two week study, increased ALT and AST activity and the single cell 
necrosis indicated toxic effects on liver at a 2000 mg/kg dose of prasugrel, which was also lethal. The 
maximum tolerated dose (MTD) of prasugrel in mice was considered to be 300 mg/kg. Similar effects 
were observed in a fourteen day bridging study conducted in mice to compare the toxicity of prasugrel 
base and prasugrel hydrochloride. Some effects, e.g. the decreased erythrocytic parameters and liver 
histopathology findings, were more apparent in the prasugrel hydrochloride group. 

No animals died during the studies in which rats were administered 0, 10, 30, 100, and 300 mg/kg of 
prasugrel orally for 3 months. Body weights decreased relative to control by 10% and 6% for males 
and females, respectively, in the 300 mg/kg group. Platelet counts increased in males given >100 
mg/kg and in females given 300 mg/kg. Prothrombin times in males and activated partial 
thromboplastin times were prolonged in rats receiving >100 mg/kg. Evidence of enzyme induction 
included increased liver weight, hypertrophy, and acidophilic cytoplasm of hepatocytes, in male rats 
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given >100 mg/kg and female rats given 300 mg/kg, The enzyme induction effects and alterations in 
coagulation parameters were considered compensatory and pharmacologic in nature and thus not 
adverse. 

Administration of similar doses of prasugrel orally for 6 months did not result in any deaths and 
similar blood effects were observed at higher doses. Clinical chemistry effects included decreased total 
cholesterol in males of the 300 mg/kg group, decreased triglycerides in males of the 100 mg/kg and 
slight decrease in potassium and chloride in females of the 300 mg/kg group. These changes were 
attributed to decreased food consumption. Increased total bilirubin, total protein and p-globulin and 
albumin were thought to be caused by the acceleration of protein synthesis in the liver accompanying 
induction of drug metabolizing enzymes. An increase in calcium was observed in both sexes given 
doses >100 mg/kg and was considered to be due to the increase in serum protein and the consequent 
increase in protein bound calcium. Liver weight increase was noted, Histopathological examination 
revealed hypertrophy of the hepatocytes and are consistent with the occurrence of enzyme induction. 
Other changes included decreased thymus weight in females of the 100 and 300 mg/kg groups, 
decreased prostate weight in the 100 and 300 mg/kg groups, and decreased uterine weight in the 300 
mg/kg group. These were all slight changes without accompanying histopathological changes. The 
NOAEL of prasugrel in this study was 30 mg/kg. 

Prasugrel base and prasugrel hydrochloride were administered daily for 28 days to rats to examine 
their differences in toxicity. Prasugrel hydrochloride was administered at dose levels of 0, 30, 100, and 
300 mg/kg, and prasugrel base was administered at 300 mg/kg. Decreased body weight gain associated 
with decreased food consumption was recorded in females at 100 mg/kg and in males and females at 
300 mg/kg with prasugrel hydrochloride. Administration of prasugrel hydrochloride was associated 
with a tendency toward decreased erythrocyte parameters in males and females at 300 mg/kg and an 
increase in reticulocyte percentage in females at 300 mg/kg. Platelet count, activated partial 
thromboplastin time, and fibrinogen were also increased. Anomalous levels of triglycerides, glucose, 
potassium, chloride, calcium, total protein, albumin, a2-globulin and B-globulin were observed. These 
findings were comparable at 300 mg/kg between prasugrel hydrochloride and prasugrel base. The 
observed increase in liver weight, thought to be caused by an induction of drug metabolizing enzymes, 
was observed in males at 30 mg/kg and in males and females at 100 mg/kg and above in the prasugrel 
hydrochloride group and at 300 mg/kg in the prasugrel base group. Macroscopic examination revealed 
dark discoloration of the liver in males and females at 300 mg/kg for both compounds, and 
histopathological examination revealed hypertrophy of hepatocytes at each dose level for both 
compounds. The quantitative differences in exposure parameters and toxicological findings between 
prasugrel base and hydrochloride were discussed by the CHMP, especially in terms of the choice of 
the compound for the long term toxicological studies. It was, however, justified that the observed 
differences in animals treated with prasugrel hydrochloride or prasugrel base were not indicative of 
qualitative differences in toxicologic responses. The comparability of the pharmacokinetic and toxicity 
profiles between the base and the salt in bridging studies up to one month in duration in mice, rats, and 
dogs supported the appropriateness of using the salt for long term toxicology studies. 

Beagle dogs were administered 0, 0.8, 4, or 20 mg/kg of prasugrel orally for 3 and 9 months. In 
animals receiving 4 mg/kg or more, hypertrophy of hepatocytes accompanied by the ground glass 
appearance of cytoplasm was observed. Animals receiving 20 mg/kg showed increased alkaline 
phosphatase activities and electron microscopic examination revealed a slight proliferation of the 
smooth endoplasmic reticulum in hepatocytes. These changes were considered to be due to activation 
of drug metabolism enzymes induced by administration of prasugrel. Decreased total cholesterol 
levels occurred in animals receiving 20 mg/kg. 

An oral toxicity study to compare the toxicities of prasugrel base and prasugrel hydrochloride was 
conducted in which the compounds were administered orally once daily for 28 days. There were no 
compound related clinical signs or effects on body weight, food consumption, ophthalmology, 
electrocardiography, urinalysis, haematology, or gross pathology. Elevation of ALP activity occurred 
in males and females of the groups at 100 mg/kg prasugrel hydrochloride and 100 mg/kg prasugrel 
base. The increases in alkaline phosphatase levels occurred earlier and were more pronounced in the 
female dogs treated with 100 mg/kg prasugrel hydrochloride than in female dogs given 100 mg/kg 
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prasugrel base, The histopathological examination revealed lamellar inclusion bodies in the 
hepatocellular cytoplasm after administration of prasugrel hydrochloride. Hypertrophy of hepatocytes 
was observed with both compounds and was attributed to the induction of drug metabolizing enzymes. 
Slight hypertrophy of the thyroid follicular epithelia was observed in a male dog given 100 mg/kg 
prasugrel base. The changes observed in the thyroids were secondary to the accelerated metabolism of 
thyroid hormones due to elevated hepatic drug metabolizing enzymes. 

The histopathological liver alterations and the serum hepatic enzymes changes were observed 
continuously throughout the repeat dose toxicity studies in mice, rats and dogs. The CHMP's concern 
regarding these findings, their relevance for prediction of human hepatotoxicity, especially 
considering that induction of CYPP450 is not observed in humans, and the overall potential 
hepatotoxicity of thienopyridines was appropriately addressed. Despite the lack of evidence for 
hepatotoxicity, hepatotoxicity is identified as a precautionary approach as a Potential Risk in the Risk 
Management Plan (RMP) and is subject to a range of surveillance activities, 

• Genotoxicity 

Prasugrel did not exhibit genotoxic properties when tested in a battery of standard in vitro (Ames and 
chromosome aberration) and in vivo (mouse micronucleus) assays. However, the CHMP requested the 
information concerning the purity of the tested batches and specifically, the impurity levels in the 
batches with regards to the genotoxicity tests. In response, the impurity level in the batches used for 
the pivotal toxicity studies were characterised based on an analysis of the actual amount of the 
impurities in the administered doses at the NOAEL. Sufficient levels have been achieved. In case of 
MFTP and PFTP, the level of impurities in the lots used for the in vitro genotoxicity studies are 
regarded as sufficient for qualification at the proposed specifications (0.20% and 0,15%, respectively). 
Although the proposed specification for OHTP (0.20%) cannot be deemed qualified by the in vitro 
genotoxicity studies, the margins of safety for the in vivo micronucleus study are significantly high to 
qualify the proposed specification for OHTP (>57 based on mg/m 2 and a prasugrel salt vs base 
exposure ratio of 3.5). Thus, OHTP, MFTP, and PFTP are considered qualified at the proposed 
specification. 

• Carcinogenicity 

Studies conducted over 24 months with mice at doses up to 300 mg/kg and rats with doses up to 100 
mg/kg aimed at the assessment of the carcinogenic potential of prasugrel. When treated with prasugrel 
hydrochloride, mice developed adenomas of the liver, but not carcinomas. In view of the lack of 
genotoxicity, the increase in mice tumours was assumed to be caused by the adaptive enzyme 
induction response. The mice are prone to developing tumours under such circumstances and the 
mechanism is unlikely to be relevant for humans. Furthermore, hepatocellular hypertrophy, thought to 
be the result of microsomal enzyme induction, but no tumour induction was observed in the rat study. 
The increase in liver tumours in mice administered prasugrel is not considered to be a relevant human 
risk and this is adequately reflected in the proposed prescribing information. 

• Reproduction Toxicity 

Fertility, early embryonic development and peri- and postnatal toxicity were assessed in studies with 
rats and embryo-fcetal development in studies in rats and rabbits. In rats prasugrel did not exhibit 
toxicity on fertility and early embryonic development In rabbits and rats prasugrel did not show signs 
of embryo-foetal toxicity. Prenatal and postnatal development, including maternal function in rats was 
not affected by exposure to prasugrel. The SPC adequately reflects these findings. The CHMP noted a 
reduction in mean adrenal gland, seminal vesicle/prostate gland, and combined epididymis weights at 
prasugrel doses of 300 mg/kg/day in the fertility rat study. There were no treatment-related 
histopathologic changes in these tissues in the 3- and 6-month rat studies and no effects in the dogs, 
except one early two week pilot study, in which atrophy of seminiferous epithelium in testes with 
slight-to-moderate nature was observed at high doses. This observation in dogs was comparable with 
the historic controls and did not appear in rats. Further evaluation of the data confirmed there were no 
effects on fertility, sperm count and sperm motility in rats. Overall, no reproductive risk could be 
concluded. 
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• Toxicokinetic data 

Toxicokinetic data were collected from repeated dose studies in mice, rats and beagle dogs. Safety 
margins based on plasma drug exposures were determined for the active metabolite 13 8727 and for 
R- 106583 in the relevant studies. In addition, safety margins based on administered dose/body surface 
area have also been determined (please see Pharmacokinetics). 

• Local tolerance 

No study on local tolerance was performed. This is considered acceptable since prasugrel is 
administered orally. However, exposure of the skin or the eyes to prasugrel may occur during the 
manufacturing process. Two irritation tests were conducted in rabbits. In the hazard evaluation studies 
conducted in New Zealand white rabbits, prasugrel was a mild ocular irritant and its administration to 
the conjunctival sac of rabbits resulted in iritis and conjunctivitis, which resolved within 24 hours and 
seven days after the treatment, respectively. Prasugrel did not cause dermal irritation following a 
single application of 1 000 mg/kg to the skin of rabbits. 

• Other toxicity studies 

Antigenicity 

Prasugrel was tested for antigenicity in mice and guinea pig. Based on the results obtained from these 
tests, prasugrel is not expected to be antigenic, 

Immunotoxicity 

No specific tests for immunotoxicity were conducted and this was justified by the results of standard 
toxicity tests or based on pharmacologic properties of the compounds. It was argued that the available 
clinical safety data did not reveal any prasugrel related hypersensitivity reactions or suggest any 
increase in infection in the prasugrel vs clopidogrel treatment groups. There is no direct link between 
prasugrel and allergic reactions, but due to the fact that other thienopyridines have been associated 
with allergic reactions, these have been identified as potential risks in the RMP and are subject to a 
range of surveillance activities. 

Phototoxicity 

Distribution studies showed that prasugrel metabolites are distributed to the skin and eye ball in levels 
of 1/10 of the plasma concentration after single exposure, with some potential to accumulate after 
repeated dosing. The phototoxic potentials of R-138727 and R-106583 were evaluated in vitro 
examining the uptake of Neutral Red in the presence or absence of light using Balb/c 3T3 cells of 
mouse fibroblast cell line in the range of 290-700 nm. For R-138727, the Photo Irritation Factor (PIF) 
was below 2 (i.e. non-phototoxic). For R-106583, the PIF was not determined because the cell survival 
was >50%, with or without irradiation and indicated no remarkable cytotoxicity up to the maximum 
concentration of 1000 (ig/mL. Nevertheless, R-138727 was determined as "probably phototoxic" in a 
second study employing the same dose range and experimental design, with a PIF of >2 (i.e., PIF 
4,31), R-106583 was negative. According to the Note for guidance on phototoxicity testing 
(CPMP/SWP/398/01) it was not shown that prasugrel and/or its metabolites are not phototoxic and the 
CHMP raised a question on this issue. In response, it was shown that other non-clinical and clinical 
data indicate that evidence of the phototoxic potential of prasugrel is weak and of questionable 
clinical relevance. Nevertheless, phototoxicity was included as a potential risk in the RMP. The lack of 
photoallergy and photogenotoxicity is acceptable in light of the weak evidence of the phototoxic 
potential. 

Studies on impurities 

The potential toxicities of most of the prasugrel impurities were evaluated as part of the non clinical 
toxicology studies. All impurities above 0.15 % were qualified either by separate genotoxocity studies 
and a 14-day repeat dose study or toxicological studies. Based on the studies, the overall specifications 
for impurities CATP and diketone were considered justified from a toxicological perspective. 

Ecotoxicity/environmental risk assessment 

Environmental chemistry, fate and effects data were collected for prasugrel as recommended in the 
Guideline for environmental risk assessment of medicinal products for human use 
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(CHMP/SWP/4447/00). The Phase I estimate of maximum exposure to all prasugrel residue in 
surface water predicted an exposure above the 0-01 |ig/L and thus, a complete risk assessment (Phase 
II Tier A) according to the current guideline has been conducted. No likely risk has been identified 
with regard to aquatic organisms in either ground water or surface water, neither for sediment dwelling 
organisms. 

2.4 Clinical aspects 
Introduction 

This full application concerns centralised procedure in accordance with the Regulation (EC) No 
726/2004, Article 3(2)(a). It is submitted in accordance with Article 8(3) in Directive 2001/83/EC for 
a new active substance. Conditional approval, an approval under exceptional circumstances or an 
accelerated review are not requested 

Prasugrel is an inhibitor of platelet activation and aggregation through the irreversible binding of its 
active metabolite to the P2Y 12 class of ADP receptors on platelets. Since platelets participate in the 
initiation and/or evolution of thrombotic complications of atherosclerotic disease, inhibition of platelet 
function can result in the reduction of the rate of cardiovascular events such as death, myocardial 
infarction, or stroke. 

The approved indication is: 

EFIENT, co-administered with acetylsalicylic acid (ASA), is indicated for the prevention of 
atherothrombotic events in patients with acute coronary syndrome (i.e. unstable angina, non-ST 
segment elevation myocardial infarction [UA/NSTEMI] or ST segment elevation myocardial 
infarction [STEMI]) undergoing primary or delayed percutaneous coronary intervention (PCI), 

Scientific advice for the product was requested from the CHMP in 2004. The given advice concerned, 
among others, the population included in the clinical development programme and the number of 
studies to be conducted, choice of a comparator and clinical endpoints in the clinical studies, use of 
aspirin as co-therapy or monitoring of safety of patients. It is claimed that the relevant scientific 
guidelines were followed. 

There is no paediatric development programme, According to the European legislation valid at the 
time of submission, there was no need to submit a paediatric investigation plan before July 2008. 

At the time of submission, the prasugrel clinical development program consisted of 46 completed 
placebo-controlled or active-comparator (clopidogrel) controlled studies. In the majority of studies, 
subjects were randomly assigned, in an open-label or blinded fashion, to treatment using either parallel 
or crossover designs. Across all studies, 8656 subjects received at least one dose of prasugrel. 
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Summary of the key studies in the prasugrel clinical development program. 



Study Alias 



Study T\pe 



Subjects 
(N) 



Overall Conclusions 



KTT-EW-TAAA. 
K7T-EW-TAAJE, 
K7T-EW-TAAJ 



K7T-EW-TAAD 



H7T-MC-TAAH 



H7T-MC- TABR 



H7T-MC-TABL 



H7T-MC-TAAL 



Phase 1 Dose Ranging (single dose. Healthy 

multiple dose regimens) aspirin TAAA (42) 

Doses from 5 m% - 60 mg: daily TAAE (45) 

multiple doses of 5 - 15 mg fox up TAAJ (SS) 
to 21 days 

Phase lb Dose Ranging (multiple Stable 

LD/MD regimens) athero^erosi* 

2S-day duration (101) 

Phase 2 Dose Ranging Safety Elective sad 

(multiple. LD/MD regimens) urgent PCI 

30-day duration (905) 



Phase lb Comparative FK/FD Stable CAD 

(60-/ 10-mg LD/MD prasugrel vs (1 1 0) 
6G0-/75-ing LDyMD clopidogrel 
regirnens) 
2S-day duration 

Phase 2 Comparative PD Elective PCI 

(60-/1 0-mg LD/MD prasxigrel vs (20 1) 
6G0-/1 50-mg LD/MD clopidogrel 
regimens). 
30-day duration 

Phase 3 Pivotal Study PCI in ACS 

(60-JlO-mg LD/MD prasugrel vs (1360S) 
300-/75-mg LD/MD clopidogrel 
regimens) with aspirin 
Maximum duration 15 months 



Higher, faster, and more 
consistent IPA versus 
300~/7S-nig LD/MD 
clopidogrel 

Higher, faster. and more 
consistent IPA 
ver$us300-/75-mg LD/MD 
clopidogrel 
60-/10-mg LD/MD 
pra&ugrel ihowed 
comparable TIMI Major ^ 
Minor bleeding to 
300-/75-ittg LD/MD 
clopidogrel. trend towards 
decreased 30-day MACE 
More rapid onset of higher 
and less variable IPA 
versus <500-/75-mg LD/MD 
clopidogrel 

More rapid onset of higher 
IPA versus $Q0-/15Q-mg 
LD/MD clopidogrel 



Superior efficacy for 
6G-/lO-mg LD/MD 
prasugrel vs 3Q0-/75-ing 
LD/MD clopidogrel 
regimens with higher risk 
of bleeding 



Abbreviation*; ACS * acute eeronary syndromes; CAD * c&rDiary artery disease; IPA* inMbinon afplaiele: agaregacoo: LD » 
leading: dose: MACE major adverse cardiovascular eveccs; MD = luaictenaiKe dose; N ■ munberiaiidciiily aisicned to 
jjrasujjffl and/ci ckpidsp'el; PCI » p«cutau«JU$ coronary uiten'eiaion, ?D " phasiaacodyjttEBie; ?K « f Itamucoiictf tic: 
PIfcPD * pb«iU5Col;medt^toiacodyiyw»ic ; TIMI - Tkombolyus In Myocardial Intajrciicu, [[HO, S<rjrce Mocfde 5.!!. 6)] 



GCP 

As claimed by the applicant, clinical trials were performed in accordance with GCP. A statement to 
the effect that clinical trials conducted outside the community were carried out in accordance with the 
ethical standards of Directive 2001/20/EC was also provided. The assessment of the clinical data did 
not raise concerns about their compliance with GCP. No inspection was requested. 

Pharmacokinetics 

Prasugrel is administered as a racemic prodrug that is metabolized in vivo to the active moiety, R- 
138727, which irreversibly binds to the platelet P2Y l2 receptor and blocks activation and aggregation 
induced by the P2Yi 2 agonist adenosine diphosphate (ADP). The R-138727 metabolite is formed very 
rapidly during first-pass metabolism. 

The pharmacokinetics of prasugrel' s active metabolite (R-138727) in healthy subjects was assessed in 
various clinical pharmacology studies by conventional non-compartmental methods and by population 
analysis. A meta-analysis of non-compartmental pharmacokinetics estimates from 16 phase 1 studies 
consolidated exposure estimates from 506 healthy male and female subjects and evaluated the effect of 
specific subject factors on exposure to the active metabolite. 
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Formulation development 

Prasugrel development began with prasugrel base, which was used in the earlier studies in healthy 
subjects and subjects with stable atherosclerosis. Decision to switch to prasugrel hydrochloride was 
made after study TAAC showed that the C max and AUC of prasugrePs inactive metabolites were 
greatly reduced when prasugrel base was given to healthy subjects whose gastric pH was >6 at the 
time of dosing. This was believed to be of a potential consideration for patients taking concomitant 
treatment with proton pump inhibitors (PPIs) or H 2 -receptor antagonists, which also raise gastric pH. 
Because the solubility of prasugrel hydrochloride is higher than that of prasugrel base at higher pH, 
switching from the base to the hydrochloride salt might lessen the impact of elevated gastric pH in 
patients taking PPIs and H 2 -receptor antagonists. Formulation strategy for the hydrochloride salt of 
prasugrel focused on developing an immediate-release tablet for oral administration. Initially, a 10-mg 
tablet was developed, which is to be used for both, the 60-mg loading dose (LD) and the daily 10-mg 
maintenance dose (MD). Later a 5-mg tablet was developed to provide increased dosing flexibility. 
The proposed commercial 10-mg tablet formulation was used in the pivotal, phase 3 study TAAL, and 
thus, no bioequivalence study was performed. 

• Absorption 

Prasugrel is rapidly absorbed after oral administration and is not detected in plasma. However, 
prasugrel' s active metabolite (R- 13 8727) appears in plasma rapidly after the oral dosing, reaching a 
peak concentration (C max ) in about 30 minutes and declining bi-phasically with a terminal half life of 
approximately 7.4 hours. The average C max of active metabolite is 475 ng/ml after a 60-mg LD and 70 
ng/mL during 10-mg MD. The time to reach the maximum plasma concentration (t max ) is at a median 
of 0.5 hours. It was estimated that approximately 79% of a prasugrel dose is absorbed. The between- 
subject and within-subject variability is 27,6% and 19.3%, respectively, for active metabolite AUC, 
and 30.1% and 38.1% respectively, for active metabolite C max . 

It was found that two 5-mg prasugrel hydrochloride tablets were bioequivalent with one 10-mg 
prasugrel hydrochloride tablet. During tablet manufacturing and storage, prasugrel hydrochloride 
tablets can convert to prasugrel base. The conversion from salt to base up to 70% has no impact on the 
extension and rate of the bioavailability of prasugrel at normal gastric pH, and furthermore, as study 
TACR confirmed, a 5 to 70% conversion of prasugrel hydrochloride tablets to prasugrel base did not 
affect the AUC or C majc of R- 13 8727 in healthy subjects with normal gastric pH. There is a procedure 
in place with the aim of controlling the conversion and keeping it within this rate. The influence of 
food was assessed with a 25 mg and 15 mg dose of prasugrel. One of the effect of food on R- 13 8727 
AUC was the lower absorption rate, with being 48.8% lower in the fed state, W delayed from 
0.5 to 1.5 hours. Although an important pharmacokinetic parameter during maintenance dose is AUC, 
C max is considered relevant in patients who receive a loading dose in order to achieve a more rapid 
onset of the pharmacological effect. Although the percutaneous coronary intervention (PCI) is usually 
performed in the fasted state, it is necessary to point out the importance of the administration of 
prasugrel loading dose in fasted state in the SPC. The CHMP thus proposed to revise the SPC wording 
to reflect that the onset of action of the loading dose may be most rapid in the fasted sate and this new 
wording was accepted. 

• Distribution 

Estimates of apparent volume of distribution of R-138727 ranged between 40,3-66.4 1 in healthy 
subjects and subjects with stable atherosclerosis. Prasugrel metabolites demonstrated limited 
penetration into red blood cells and the plasma-to-whole blood ratio was generally greater than one 
suggesting that radioactivity in the plasma was greater than that in an equivalent volume of blood 
cells. Because R-138727 is unstable in plasma, its binding to plasma proteins could not be determined. 
However, in a 4% human serum albumin solution in phosphate buffer at pH 7.4, R-138727 was 98% 
bound. For the inactive metabolites, the fraction bound to plasma proteins at various concentrations 
determined by ultracentrifugation, was 94.6% for R-95913, 95.1% for R-106583, and 76.4% for R- 
119251. Thus, the active metabolite is highly bound to protein and the measured concentration will 
depend on the protein content, which may be influenced by factors such as renal function, age and 
concomitant medication. However, only a minor fraction is unbound and this is not likely to change 
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significantly. Although the total concentration of the active metabolite might be lower, the effect of 
the drug may be similar patients with renal failure to that found in healthy persons. 

• Elimination 

Prasugrel is in vivo rapidly hydrolysed by esterases and the product of this hydrolysis, the 
pharmacologically inactive thiolactone R-95913, is metabolised to the active metabolite R-138727 
mainly by cytochrome P450 CYP3A and CYP2B6 ? and, to a lesser extent, by CYP2C9 and CYP2C19. 
R-138727 is further metabolised to two inactive compounds by S-methylation or conjugation with 
cysteine (R-l 19251 and R-106583), Other prasugrel metabolites are formed by oxidation and/or 
conjugation and are not pharmacologically active. In case of the active metabolite R-138727, which is 
eliminated by S-methylation and conjugation with cystein, it is unclear which enzyme is involved in 
the elimination of the active metabolite. The CHMP was concerned about the clinical relevance of this 
issue and requested further clarifications. Based on the in vitro study, it would appear that thiopurine 
S-methyltransferase (TPMT) is not responsible for the S-methylation of R-138727 to R-106583 and 
that the S-methylation appeared mainly in human liver microsomes. Formation of R-106583 was 
inhibited by an inhibitor of thiol S-methyltransferase (TMT). The results thus suggest that TMT, and 
not TPMT, is responsible for R-106583 formation from prasugrePs active metabolite in human liven 
However, possible inhibition of TMT by other drugs is unknown. It is considered beneficial that the 
rapid and efficient generation of the active metabolite of prasugrel results in its rapid appearance in 
plasma and consequently, in a rapid and extensive inhibition of platelet aggregation. Prasugrel 
exposure appears to be essentially unaffected by CYP inhibitors, inducers, and competitive inhibition 
by CYP substrates. 




Prasugrel 



HOOC 

^ R-l 19251 (inactive) 



R-95913 (inactive) 



CYP3A, CYP2B6, 
CYP2C9. CYP2C 1 9 



R-138727 
Active metabolite 



R-1065S3 (iitaciive) 



(*) Chiral centers 



Simplified prasugrel metabolic pathway. 



Approximately half of the active metabolite amount appearing in plasma is formed during absorption 
and/or during first-pass metabolism in liver, which explains the rapid appearance of active metabolite 
in plasma. Other prasugrel metabolites are formed by oxidation and/or conjugation and are not 
pharmacologically active. 

Approximately 95% of a [ 14 C]prasugrel dose was recovered after oral administration. It was estimated 
that ca 68% of the prasugrel dose is excreted in urine and 27% in faeces in form of the inactive 
metabolites over a period of 10 days. Thus, urinary excretion is the major pathway for the elimination 
of prasugrel metabolites. The elimination half-life of R-138727 is about 7.4 hours. No R-138727 is 
detected in urine or faeces. 
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• Dose proportionality and time dependencies 

Time dependency has not been specifically addressed. Several clinical studies support the evidence 
that exposure to prasugrel's active metabolite is dose-proportional. Furthermore, the comparison of 
AUC((M) and C max values for the active metabolite with the dose shows a linear relationship with no 
discernable deviation from linearity over the entire dose range of 5 - 60 mg. 

• Special populations 
Impaired renal junction 

The effect of renal impairment on the disposition of prasugrel metabolites and platelet aggregation was 
investigated in three clinical studies (TAAO, TABW, and TACJ). Included were subjects with end 
stage renal disease, subjects with moderate renal impairment 

Moderate Renal Impairment and End Stage Renal Disease (ESDR) 

The AUC (0 _ti ast ) and C max values for the active metabolite R- 13 8727 both averaged 38% lower in 
subjects with ESRD on dialysis across the dose range of 5- 60mg than in subjects with normal renal 
function. The lower active metabolite exposure in subjects with ESRD is generally consistent with an 
analysis across all three studies, TAAO, TABW and TACJ, in subjects with ESRD who received a 60- 
mg LD of prasugrel Despite the differences in active metabolite exposure, platelet aggregation 
response to prasugrel is similar in ESRD and healthy subjects. Although subjects older than 65 
typically have some degree of renal impairment, no differences in AUC or of the active 
metabolite were observed in a clinical setting. Exposure to the active metabolite was comparable in 
subjects with moderate renal impairment (estimated creatinine clearance of 30-50 mL/min) and 
matched healthy controls; although median exposure to prasugrel's active metabolite was higher by 
approximately 22% in subjects with mild renal impairment than in subjects with normal renal 
function. The analyses of subjects with renal impairment in clinical pharmacology studies and in the 
substudy in phase 3 trial do not support the need for a dose adjustment for renal impairment. The 
CHMP, however, requested more information regarding the observed inconsistency in the 
pharmacokinetic parameters, especially as patients with end stage renal function seem to have lower 
levels of the active metabolite compared to healthy subjects. Plausible explanations for the comparable 
efficacy between ESRD patients and healthy adults were provided and these do not suggest that the 
dose adjustments are warranted. Nevertheless, the risk of bleeding episodes may be increased in 
patients with ESRD and the need for caution is reflected in the SPC. 

Impaired hepatic function 

Two Studies were performed in patients with mild to moderate hepatic function (Child-A and Child- 
B). Based on these results no dose adjustment in this population appears necessary, however, caution 
should be exercised in patients with moderate hepatic impairment. Clinical trials performed with 
prasugrel have not included patients with severe hepatic impairment (Child-C). As this population has 
a higher risk of bleeding, a contraindication in the SPC for patients with severe hepatic impairment 
(Child Pugh Class C) was included. 

Gender 

The pharmacokinetic meta-analysis of 16 clinical pharmacology studies detected no effect of gender 
on the exposure to prasugrel's active metabolite. 

Race 

The effect of ethnic origin was assessed in the pharmacokinetic meta-analysis of 16 clinical 
pharmacology studies. Most of the 437 subjects evaluated after a prasugrel LD and 284 subjects 
evaluated during prasugrel MD were Caucasian, although about 22% were Asian. Most Asian subjects 
in the meta-analysis originated from the three clinical pharmacology studies specifically designed to 
assess the influence of Asian ethnicity on prasugrel pharmacokinetics and pharmacodynamics. In each 
of these studies, Caucasian subjects served as the reference population. 

Active metabolite exposure was similar in Chinese, Japanese, and Korean subjects after a 60-mg LD 
and during 10-mg and 5-mg MDs. However, the analysis showed that AUC(o-t]ast) in Asians was 40% 
higher during MD and compared to Caucasians, the higher exposures in Asians produced higher 
inhibition of platelet aggregation (IP A) at most time points. Asians and Caucasians in the LD portion 
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of the pharmacokinetic meta-analysis had mean body weights of 65 kg and 77 kg, respectively, so the 
meta-analysis compared weight normalised AUQo-tiwt) and C max values between Asians and 
Caucasians to assess the contribution of weight to exposure. After adjusting for body weight, the 
AUC ( o-tJast) of the active metabolite was still approximately 19% higher in Chinese, Japanese, and 
Korean subjects compared to that of Caucasians, predominantly related to higher exposure in Asian 
subjects <60 kg. No dose adjustment is recommended based on ethnicity alone, but therapeutic 
experience with prasugrel is limited in Asian patients and therefore, prasugrel should be used with 
caution. 

Weight 

Analyses of several clinical studies in healthy subjects, subjects with stable atherosclerosis and 
subjects with acute coronary syndrome undergoing PCI consistently show that the AUC of the 
prasugrel active metabolite increases with a decreasing body weight. The relationship between the 
body weight and the active metabolite AUC was assessed using a conventional statistical approach 
that relied on univariate and multivariate analyses to quantify the magnitude of the body weight effect 
on active metabolite exposure. In healthy subjects, weight was one of the two covariates declared 
clinically significant in a multivariate analysis of these data, the other being Asian ethnicity. The 
univariate analysis supports consideration of dose adjustment at any weight threshold from >55 kg 
through 80 kg, while the multivariate analysis supports dose adjustment consideration at any weight 
threshold from >50 kg through 80 kg. In subjects with ACS undergoing PCI in Study TAAL, weight 
was one of the tree covariates declared significant during a multivariate analysis of these data, the 
other two being age and gender. The univariate analysis of the body weight effect supports 
consideration of dose adjustment for subjects <70 kg, but not for subjects >75 kg. The multivariate 
analysis of the body weight effect supports dose adjustment consideration for subjects <55 kg, but not 
for subjects >59 kg. The similarity in conclusions between the univariate and multivariate analyses 
clearly show that body weight is an important covariate. Further analyses of the risk for TIMI bleeding 
by different weight indicate that the odds ratio for bleeding with 10 mg prasugrel increases rapidly in 
the vicinity of 60 kg (and 75 years of age); supporting these values as cut-off choices for dose 
adjustment. A PK/PD model to assess the effect of the reduced dose (5 mg) in subjects < 60 kg or >75 
years of age was developed and although the results are reassuring, clinical confirmation is needed 
(please see section Clinical Efficacy), Thus, the CHMP accepted the follow up measure to conduct a 
clinical study in subjects with stable CAD to compare the PK, PD, safety, and tolerability of prasugrel 
in subjects <60 kg to that of subjects >60 kg* Subjects will be treated with a maintenance dose of 
either prasugrel 5-mg, prasugrel 10-mg, or clopidogrel 75-mg. This study will exclude subjects >75 
years. In addition, the SPC advises that the 10 mg maintenance dose is not recommended in subject 
weighing <60 kg. 

Elderly 

Age was one of 3 covariates declared statistically significant during a multivariate analysis of TAAL 
data as described above. When exposure was normalized by body weight, the 90%CI for the effect of 
age was below L25 for all age thresholds from 50 to 80 years old. Despite the lack of relationship 
between age and AUC in the multivariate analyses above, safety analyses of study TAAL revealed a 
strong relationship between bleeding risk and age, with a higher rate of bleeding in subjects >75 years 
old compared to those <75 years old. This prompted more extensive assessments of active metabolite 
exposure in the elderly. 

The analysis focused on exploring the differences in exposure in patients approximately at and below 
the median age in the TAAL study compared to exposure in patients whose age was above specific 
thresholds up to 85 years. Based on this, a consideration of dose adjustment should be made at 70 
years and more, with specific dose recommendations and the age thresholds associated with those 
recommendations depending on safety. Furthermore, an assumption was made about the anticipated 
clinical use of prasugrel where patients <60 kg would receive a 5-mg MD rather than a 10-mg MD> 
and patients >60 kg would then be considered for dose adjustment based on their actual age. In this 
approach a univariate analysis of age effect in subjects >60 kg is clinically more relevant and when 
this subgroup of patients >60 kg is assessed, the active metabolite AUC for patients >74 years is 
significantly larger than that for patients <74 years. Consistent with this difference, more than 60% of 
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patients >60 kg and >75 years old had concentrations above the median exposure in the TAAL study. 
This supports consideration of dose adjustment at any age threshold of 75 years or older, although 
specific dose recommendations and the age thresholds associated with those recommendations depend 
on safety. 

In summary, age is a significant risk factor for bleeding. A cut-off level of 75 years based on a 
pharmacokinetic univariate analyses in subjects > 60 kg is suggested.. This issue was addressed during 
the Scientific Advisory Group (SAG) meeting and in the oral explanation held at the CHMP meeting 
(please see section on Clinical Efficacy). Based on the CHMP discussions following the SAG meeting, 
Company written responses and oral explanation, the CHMP requested a strict SPC wording, which 
advises that the use of prasugrel in patients > 75 years of age is generally not recommended. If use is 
deemed necessary based on careful individual benefit/risk evaluation by the prescribing physician, 
then following a 60 mg loading dose a reduced maintenance dose of 5 mg should be prescribed. An 
educational programme with regard to this topic is part of the conditions for the safe and effective use 
of the product (see sections 2,4 and 2.5). The results of the analysis conducted via a PK/PD model to 
evaluate the dose 5 mg in patients < 60 kg or > 75 years of age need clinical confirmation and the 
Company is conducting such studies as part of the follow-up measures.. 

• Pharmacokinetic interaction studies 

In vitro, prasugrel metabolites R- 13 8727 and R- 1065 83 did not inhibit the activities of cytochrome 
P450 CYP2D6, CYP2C9, CYP2C19, CYP1A2 and CYP3A4 hepatic isoforms up to 200 ^M. The 
other major metabolite, the hydrolysis product R-95913, did not inhibit CYP1A2, but did inhibit 
CYP2D6, CYP2C9, CYP2C19 and CYP3A4. The projected maximum inhibition ranged from 2% for 
CYP2C9 to 21% for CYP2C19. None of these effects were deemed as a cause of a significant effect in 
the clearance of drugs metabolised by these enzymes. The effect of prasugrel on CYP1A2 and 
CYP3A4 was also assessed in primary cultures of human hepatocytes from four donors at various 
concentrations. No effect was observed on CYP1A2, but R-95913 showed a slight to moderate 
induction of CYP3A4 at a clinically relevant concentration. In order to further assess the clinical 
consequences of the signals detected from in vitro studies, a number of in vivo studies, including the 
assessment of pharmacokinetic interactions with aspirin, rantitidine, ketoconazole (CYP3A4/5 
inhibitor), rifampicin (inducer of several CYP enzymes), atorvastatin, bupropion (a CYP2B6 
substrate), warfarin, and heparin was conducted. An interaction study with digoxin was also 
conducted; aiming at the assessment of the effect of prasugrel on P-glycoprotein. Only a slight 
inhibitory effect of prasugrel on CYP2B6 (decreased hydroxibupropion exposure by around 20-30%) 
was observed. This effect is likely to be of clinical concern only if prasugrel is co-administered with 
drugs for which CYP2B6 is the only metabolic pathway and have a narrow therapeutic window. This 
concern of the CHMP is adequately expressed into the SPC of this medicinal product. Furthermore, 
inhibition or induction of CYP3A4 enzyme did not indicate any significant effect on prasugrel. Co- 
administration of prasugrel with digoxin at steady state did not significantly affect digoxin renal 
clearance and overall pharmacokinetics. Furthermore, prasugrel showed a lack of influence on the 
pharmacokinetics of S-warfarin, but caution should be exercised when prasugrel and warfarin are 
given together due to the potential increased risk of bleeding. Similarly, additional consideration is 
necessary during the co-administration of prasugrel with heparin as stated in SPC ("an increased risk 
of bleeding is possible when Efient is co-administered with heparin"). Daily co-administration of 
products elevating the gastric pH value, e.g. ranitidine or lansoprazole, did not change the metabolite's 
AUC and T^, but decreased the C max by 14% and 29%, respectively. Although in the maintenance 
therapy the C max changes could be considered of less clinical relevance, in the loading dose when the 
intention is to achieve maximum inhibition of the platelet aggregation as quickly as possible, the C max 
is considered a clinically relevant parameter. Therefore, a recommendation in the SPC that 
administration of the loading dose without concomitant administration with proton pump inhibitors 
may provide most rapid onset of action was included. In summary, the potential for pharmacokinetic 
interactions with prasugrel was adequately studied both in vitro and in vivo. 
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Ph armaco dynamics 



Platelets play a central role in the pathogenesis of atherothrorabosis and in the formation of thrombi 
following coronary angioplasty, with and without stent implantation. Platelets initially adhere at sites 
of vascular injury, atherosclerotic plaque rupture, balloon angioplasty, and stenting. Platelet activation 
following these interactions results in the release of adenosine diphosphate (ADP), thromboxane A2, 
and other mediators. Released ADP promotes platelet activation via the G-protein linked P2Y, and 
P2Y l2 purinergic receptors leading to further platelet activation, aggregation, and other platelet 
functions, such as platelet shape change, secretion, and the development of pro-coagulant and pro- 
inflammatory activities. Activated platelets are recruited to sites of coronary plaque rupture and intra- 
arterial stenting, thereby forming aggregates that may lead to platelet-rich thrombi, vascular occlusion, 
tissue ischemia, and myocardial necrosis in what is collectively known as acute coronary syndromes. 

Prasugrel is a thienopyridine ADP receptor antagonist that irreversibly inhibits platelet activation and 
aggregation mediated by the P2Y12 receptor. Prasugrel has a distinct chemical structure that permits 
efficient conversion to its active metabolite through rapid hydrolysis by carboxylesterases and then by 
multiple CYP450 enzymes. 

• Mechanism of action 

PrasugrePs pharmacological action is analogous to that described for other thienopyridines and results 
from covalent and irreversible binding of the active metabolite R-l 38727 to the P2Y l2 platelet ADP 
receptor. Once bound, a platelet is rendered ineffective for its remaining lifespan. After prasugrel 
administration is stopped, return to baseline platelet aggregation occurs only as new platelets are 
formed. The return to the baseline typically occurs at about 7-10 days after treatment is interrupted. 

• Primary and Secondary pharmacology 

Four initial studies assessing the safety, pharmacokinetic and pharmacodynamics of prasugrel in small 
numbers of healthy subjects allowed for the initial assessment of prasugrel activity, but did not analyze 
for prasugrel's active metabolite. Subsequently, four studies aimed at characterisation of the prasugrel 
hydrochloride salt and four initial clinical studies were conducted with prasugrel base to characterise 
pharmacokinetic, pharmacodynamics and tolerability in healthy subjects. Pharmacodynamics effects 
of thienopyridines on platelet function may be assessed by inducing platelet aggregation with various 
concentrations of ADP. Response to 20 uM ADP has been used as the primary pharmacodynamic 
parameter considering that it is a specific indicator of P2Y 12 function. Four clinical studies were 
conducted to evaluate the prasugrel-mediated inhibition of platelet aggregation and to characterise 
prasugrel's safety and tolerability, its pharmacokinetic and pharmacodynamic profile, effects on 
platelet function and bleeding time. In all tests, effective inhibition of platelet aggregation was 
observed with the onset of effect occurring within 1 hour of dosing. The effect continued through 48 
hours post dosing. Platelet aggregation returned to normal levels at day 7. Reported adverse events 
included gastrointestinal disturbances, autonomic disturbances and general disorders, but none were 
serious. 

A meta-analysis of pharmacodynamic data across the studies in healthy subjects and in subjects with 
stable atherosclerosis was conducted (see figure below) and the results indicate that within 30 minutes, 
the average inhibition of platelet aggregation (IPA) exceeds 50%. This time point is a key value, 
because it is the first assessed time point at which the IPA shows a statistically significant difference 
from baseline. Furthermore, within 1 hour, 97% of the subjects achieved an IPA above 20%, with the 
average IPA exceeding 70%. Over 89% of all subjects achieved at least 50% EPA by 1 hour, and over 
90% of the maximum mean IPA is achieved by that time. One hour is a relevant time point because 
the average IPA across all subjects after a prasugrel 60-mg LD is nearly as high as the peak IPA 
eventually reached. By 4 hours, the average IPA is about 80%. More than 99% of the prasugrel 
subjects in the meta-analysis had an IPA above 20%, and about 90% of subjects achieved 90% of their 
individual maximum IPA by then. At each of these time points, a 300-mg clopidogrel LD showed a 
lower peak of IPA, fewer subjects achieved >20% IPA. The results in response to 5 uM ADP are 
similar. Following the administration of a single dose of prasugrel to healthy subjects not taking 
acetylsalicylic acid, platelet aggregation returned to normal levels by day 6 after a single 
administration of 30- or 75-mg dose of prasugrel base. After multiple doses of prasugrel to healthy 
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subjects taking acetylsalicylic acid, platelet aggregation returned to baseline levels in 5 days following 
discontinuation of MD at steady-state. 




Abbreviations: CI - confidence interval; IPA ~ inhibition of plaielei 
aggregation: LD - loading dose: MD ~ maintenance dose. 
Note; Arrow's (I) indicate dosing. 
Source: Mela-analyse* of PK find PD, Figure APP2.7.2.12 



Figure 2 .7.2.10. 



Least squares mean {±95% C\) IPA to 20 \iM (left panel) and 
5 }M (right panel) after prasugreJ 60-mg LD/10-mg MD and 
clopidogrel 300-mg LD/75-mg MD - PD Meta-analysis. 



In summary, the results of the evaluation of the pharmacodynamic effects of prasugrel as an inhibitor 
of platelet aggregation were expressed as maximum platelet aggregation (MPA), which decreases with 
increasing pharmacodynamic response, and IPA, which is derived from the MPA determination and 
increases with increasing pharmacodynamic response. Clinical studies comparing the 
pharmacodynamic response of prasugrel with that of clopidogrel at the loading or loading/maintenance 
doses showed that the maximum mean PA was achieved faster and was greater with prasugrel. 
Greater pharmacodynamic response for prasugrel is believed to be the result of the more rapid and 
more extensive formation of its active metabolite and has a less response variability compared to 
clopidogrel. 

No relevant pharmacodynamic interactions were noticed when prasugrel is coadministered with 
unfractioned ranitidine, ketoconazole, atorvastatin s unfractionated heparin, digoxin and warfarin. 
There is an additive pharmacodynamic interaction between aspirin and prasugrel, in terms of 
suppression of platelet aggregation induced by collagen. The pivotal evidence of prasugrel in the 
claimed indication has been obtained as an add on therapy to low dose aspirin and thus, the potential 
safety risk of this interaction has been evaluated. In addition, the metabolic pathways for aspirin are 
separate from those for prasugrel and therefore no metabolic interaction would be expected. Co- 
administration of ketoconazole, a potent inhibitor of CYP3A4 and CYP3A5, with prasugrel did not 
significantly affect the exposure of the active metabolite of prasugrel, or the drug's effect on platelet 
inhibition. The possibility that the pharmacokinetics of prasugrel could be affected by inhibiting two 
or more pathways involved in prasugrel' s metabolism was considered; however, only ticlopidine was 
listed as an acceptable CYP2B6 inhibitor. In addition, clopidogrel is the other drug that was clinically 
shown to be potent, mechanism-based inhibitor of CYP2B6. Because co-administering either of these 
drugs with prasugrel would not be considered in clinical practice, clinical evaluation of concomitant 
administration of prasugrel and of CYP2B6 (ticlopidine or clopidogrel) was not conducted. A clinical 
study aiming to assess the effect of 80 mg of prasugrel (single dose) on cardiac repolarisation was 
conducted including placebo and moxifloxacin as positive controls. The study design was in 
agreement with the ICH-E14 guideline. No effect of prasugrel on QT was observed above the 
threshold of regulatory concern (10 msec) at any time point The positive control (moxifloxacine) 
showed a maximum QT prolongation effect within the expected range. 
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Clinical efficacy 



The following studies have been conducted in order to support the use of prasugrel for the reduction of 
atherothrombotic events (CV death, nonfatal MI, or nonfatal stroke) in subjects with ACS: 



Study Alias Study Type 



Subjects 
JNL 



Primary Objective 



Overall 
Conclusions 



H7T-MC- 
TAAH 



H7T-MC- 
TABL 



H7T-MC- 
TAAL 



Phase 2 Dose Ranging 
Safety (multiple LD/MD 
regimens) 

Prasugrel (40-mg LD, 7.5- 
mg MD) 

Prasugrel (60-mgLD, 10- 
mg MD) 

Prasugrel (60-mgLD, 15- 
mg MD 

Clopidogrel (300-mg LD, 
75-mg MD): 
All treatments were co- 
administered with aspirin. 
30-day duration 

Phase 2 Comparative PD 
(60-/1 0-mg LD/MD 
prasugrel vs 600-/150-mg 
LD/MD clopidogrel 
regimens). 
30-day duration 



Phase 3 Pivotal Study 
(60-/1 0-mg LD/MD 
prasugrel vs 300-/75 -mg 
LD/MD clopidogrel 
regimens) with aspirin 
Maximum duration 15 
months 



Elective and 1) Evaluate the safety of 
urgent PCI increasing doses of prasugrel by 
(905) observing the rate of 

Non-CABG-associated significant 
bleeding (that is, Major plus 
Minor bleeding at 30 to 35 days 
after PCI). 

2) Compare the safety of 
prasugrel to a standard regimen of 
clopidogrel (a 300-mg LD during 
PCI and 29 to 34 days of a 75-mg 
once daily MD) by observing the 
rate of Non- CABG- associated 
significant bleeding 30 to 35 days 
after PCI 

Elective PCI 1) To compare the inhibition of 
(201) platelet aggregation (IPA) with 20 

uM ADP measured at 6 hours 
(±30 minutes) after prasugrel 60- 
mg LD versus clopidogrel 600- 
mg LD in subjects who did not 
receive a GP Ilb/IIIa antagonist. 
2) To compare the IPA with 20 
uM ADP measured after \4±2 
days of prasugrel 10-mg daily 
MD versus the IPA after \4±2 
days of clopidogrel 150 mg daily 
MD in the "on-treatment 
population" who received PCI 
regardless of GPlIb/IIIa 
antagonist use (this included 
subjects receiving prasugrel and 
clopidogrel, in either order, 
during crossover) 
PCI in ACS To demonstrate superiority of 
(13608) prasugrel co-administered with 

aspirin relative to clopidogrel co- 
administered with aspirin, as 
measured by a reduction in the 
composite endpoint of CV death, 
onfatal MI, or nonfatal stroke 
at a median follow up of at 
least 12 months. 



60-/1 0-mg 
LD/MD prasugrel 
showed 

comparable TIMI 
Major + Minor 
bleeding to 
3 00-/75 -mg 
LD/MD 

clopidogrel, trend 
towards decreased 
30-day MACE 



60-/1 0-mg 
LD/MD prasugrel 
showed more 
rapid onset of 
higher IPA versus 
600-/150-mg 
LD/MD 
clopidogrel 



Superior efficacy 
for 60-/10-mg 
LD/MD prasugrel 
vs 300-/75-mg 
LD/MD 
clopidogrel 
regimens with 
higher risk of 
bleeding 



Abbreviations: ACS = acute coronary syndromes; CAD - coronary artery disease; IPA = inhibition of platelet aggregation; 
LD = loading dose; MACE = major adverse cardiovascular events; MD « maintenance dose; N = number randomly assigned 
to prasugrel and/or clopidogrel; PCI = percutaneous coronary intervention; PD - pharmacodynamic; PK = pharmacokinetic; 
PK/PD = pharmacokinetic/pharmacodynamic; TIMI = Thrombolysis In Myocardial Infarction. 



• Dose response studies 

Phase 3 dose selection was based primarily on 2 randomized clinical studies in subjects with stable 
atherosclerosis using the approved clopidogrel 300-/75-mg LD/MD regimen as the active comparator. 
The first study (TAAD) was a 28-day, phase lb, dose-ranging pharmacokinetic/pharmacodynamic 
study in aspirin-treated subjects (N=101) comparing platelet inhibition using standard aggregometry. 
The second study (TAAH) was a 30-day, phase 2, dose-ranging safety study in aspirin-treated subjects 
(N~905) undergoing elective or urgent PCI (see below). Study TABL was conducted in parallel with 
the pivotal study TAAL to investigate the safety and pharmacodynamics of prasugrel against higher 
dose regimens of clopidogrel 
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Study TAAD 

This was a 28 -day, phase lb, dose-ranging pharmacokinetic/pharmacodynamic study in stable 
atherosclerosis patients (N=101) treated with aspirin (375 nig), in which the platelet inhibition was 
compared using the standard aggregometry. It is worth noting that the participants in this study are not 
entirely representative of those claimed in the indication of the current submission. In this study four 
different regimens (40 mg/5 mg, 40 mg/7,5 mg, 60 mg/10 mg and 60 mg/15 mg) were compared with 
the approved clopidogrel LD/MD regimen (300mg/75 mg). Overall, both the 40-mg and 60-mg 
prasugrel LDs resulted in more rapid onset with significantly greater IPA to 20 ^lM ADP from 2 to 6 
hours after administration than the 300-mg LD of clopidogrel. Both the 10- and 15-mg prasugrel MDs 
achieved consistent and significantly greater IPA than the 75-mg clopidogrel MD; however, the 15-mg 
MD of prasugrel was associated with higher bleeding adverse events. In contrast, the prasugrel 5- and 
7.5-mg MD groups were not consistently and statistically different in EPA from the clopidogrel 75-mg 
MD group. 

Study TAAH 

This was a double-blind, randomized, multicentre, dose-ranging trial of prasugrel compared with 
clopidogrel in subjects undergoing PCI, The primary endpoints evaluated the safety of increasing 
doses of prasugrel (a loading dose during PCI and once-daily maintenance dosing for 29 to 34 days) 
and compared prasugrel's safety with a standard regimen of clopidogrel (300-mg LD during PCI and 
75-mg once-daily maintenance dose for 29 to 34 days) by observing the rate of non-CABG-associated 
significant bleeding (i.e. major and minor bleeding at 30 to 35 days after PCI). 

The overall observed rate of all bleeding events was higher for subjects in the combined prasugrel 
group (29/650 subjects, 4.5%) compared with subjects in the clopidogrel group (9/254 subjects, 3,5°/o), 
but this difference was not statistically significant. With regard to the bleeding events, neither the 
differences among prasugrel dose groups (p=0,933) } nor the differences between prasugrel and 
clopidogrel (p=0.590) were statistically significant. Thus, it was concluded that there was no 
statistically significant difference in the safety of increasing doses of prasugrel and no statistically 
significant difference between the safety of prasugrel and the standard clopidogrel regimen. The 
overall rate of non-CABG-associated significant bleeding was lower than anticipated and this resulted 
in reduced statistical power to assess the safety of prasugrel. A reduction of dose in the very elderly 
was recommended based on the pivotal study and is described later. 

• Main studies 

The pivotal phase 3 Study (H7T-MC-TAAL, further referred to as TAAL) was a global, multicentre, 
parallel-group, randomized, double-blind, double-dummy, active-controlled study. The primary 
objective of Study TAAL was to test the hypothesis that prasugrel is superior to clopidogrel in the 
treatment of subjects with ACS undergoing PCI, as measured by a reduction in the primary composite 
efficacy endpoint of CV death, nonfatal MI, or nonfatal stroke. This study was conducted in 
accordance with the ethical principles that have their origin in the Declaration of Helsinki and that are 
consistent with good clinical practices (GCP) and the applicable laws and regulations of where the 
study was conducted. Study TAAL was evaluated based on several relevant guidelines: 

- The CONSORT statement (The Lancet 200 1 ;357: 1 19 1-94), 

- Points to consider on the clinical investigation of new medicinal products for the treatment of 
unstable angina pectoris or non-Q-wave myocardial infarction, CPMP/EWP/570/98, 

- Points to consider on application on one pivotal study (CPMP/EWP/2330/99), 

- Points to consider on the clinical development of fibrinolytic medicinal products in the 
treatment of patients with ST segment elevation acute myocardial infarction (STEM1), 
CPMP/EWP/967/01. 

In addition, scientific advice given by the CHMP in 2004 was considered when planning this pivotal 
study. 
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METHODS 



Study Participants 

Participants were to be of a legal age (and at least 18 years of age) and competent mental condition to 
provide written informed consent. For women of child-bearing potential, only those tested negative for 
pregnancy between ACS presentation and enrolment and agreed to use a reliable method of birth 
control during the study were included. Subjects with ACS (subjects with unstable angina and non-ST- 
segment elevation myocardial infarction [UA/NSTEMI] with TIMI risk score >3 or ST-segment 
elevation myocardial infarction [STEMI]) who are to undergo PCI were eligible to enter the study. 
The main inclusion criteria were: 

- Moderate- to high-risk UA was defined as a history of chest discomfort or ischemic symptoms 
of >10 minutes duration at rest <72 hours prior to randomization, with persistent or transient 
ST-segment deviation >1 mm in one or more ECG leads without elevation of CK-MB or 
troponin T or I but with a TIMI risk score >3. 

- Moderate- to high-risk NSTEMI was defined as a history of chest discomfort or ischemic 
symptoms of >10 min duration at rest <72 hours prior to randomization with no evidence of 
persistent ST-segment elevation. Subjects must also have CK-MB or troponin T or I greater 
than the upper limit of normal (ULN) and a TIMI risk score >3. 

- ST-segment elevation myocardial infarction (STEMI) is defined as a history of chest discomfort 
or ischemic symptoms of >20 minutes duration at rest <14 days prior to randomization with one 
of the following present on at least one ECG prior to randomization: a) ST-segment elevation 
>1 mm in two or more contiguous ECG leads, b) New or presumably new left bundle branch 
block (LBBB). c) ST-segment depression >1 mm in two anterior precordial leads (VI through 
V4) with clinical history and evidence suggestive of true posterior infarction. 

Subjects with STEMI could be enrolled within 12 hours of symptom onset if primary PCI was planned 
or within 14 days if delayed PCI was planned following initial pharmacotherapy for STEMI, 
Exclusion criteria were extensive. In general, these excluded subjects at increased risk of bleeding (for 
example, anaemia, thrombocytopenia, intracranial pathology, severe hepatic dysfunction, oral 
anticoagulants, chronic non-steroidal anti-inflammatory drug (NSAID) use, or use of any 
thienopyridine within 5 days of the main treatment), patients with refractory ventricular arrhythmia, 
class IV congestive heart. The inclusion/exclusion criteria are considered acceptable, Diagnosis and 
short-term risk stratification is based on the combination of ischaemic symptoms, ECG changes, 
biomarkers in some cases and risk score results. The recommendations of the European Society of 
Cardiology guidelines (2007) were followed. 

Treatments 

This study involved a comparison of prasugrel (60-mg LD, 10-mg MD) and clopidogrel (300-mg LD, 
75-mg MD), Both treatments were administered orally as a one-time LD followed by a once daily 
MD. The loading and maintenance doses of prasugrel for this Phase 3 PCI study were selected on the 
basis of non-clinical thrombosis models, non-clinical toxicology studies, dose-escalation studies in 
healthy subjects, a dose-ranging study versus clopidogrel in subjects with stable coronary artery 
disease (Study TAAD), and a dose-ranging study versus clopidogrel in subjects undergoing elective or 
urgent PCI (Study TAAH). Owing to the link observed between thrombosis complications following 
PCI and poor antiplatelet response to clopidogrel, recommendations for the use of doses higher than 
the standard in PCI have been reported. There is evidence of some increase in the speed of onset and 
the level of platelet inhibition with both 600 mg and 900 mg of clopidogrel LDs, Still, these 
assumptions are based on limited data and require further sound confirmation. Thus, the use of the 
standard 300 mg LD (administration as soon as possible) and 75 mg/day MD of clopidogrel is 
acceptable. 

Objectives 

Primary objective: To test the hypothesis that prasugrel (co-administered with aspirin) was superior to 
clopidogrel (co-administered with aspirin) in the treatment of subjects with acute coronary syndromes 
who were to undergo percutaneous coronary intervention, as measured by a reduction in the composite 
endpoint of cardiovascular (CV) death, nonfatal myocardial infarction (MI), or nonfatal stroke at a 
median follow-up of at least 12 months. 
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The secondary efficacy objectives were to compare both treatments with respect to the: 

- risk of cardiovascular (CV) death, nonfatal myocardial infarction (MI), or nonfatal stroke 
through 90 days. 

- risk of CV death, nonfatal MI, or nonfatal stroke through 30 days. 

- risk of CV death, nonfatal MI, or urgent target vessel revascularization through 90 days. 

- risk of CV death, nonfatal MI, or urgent target vessel revascularization through 30 days. 

- risk of all-cause death, nonfatal MI, or nonfatal stroke at study end. 

- risk of CV death, nonfatal MI ? nonfatal stroke, or rehospitalisation for cardiac ischemic events 
at study end. 

- risk of definite or probable stent thrombosis per Academic Research Consortium (ARC) 
definition at study end. 

The safety objectives of this study were to compare prasugrel with clopidogrel with respect to the: 

- risk of non-coronary artery bypass graft (Non-CABG) Thrombolysis in Myocardial Infarction 
Study Group (TIMI) Major bleeding in subjects receiving prasugrel or clopidogrel. 

- risk of Life-Threatening bleeding (a subset of Non-CABG-related TIMI Major bleeding) in 
subjects receiving prasugrel or clopidogrel. 

- risk of Non-CABG-related TIMI Minor bleeding in subjects receiving prasugrel or clopidogreL 

- The overall safety and tolerability of prasugrel administration based on clinical findings, 
laboratory values, and the occurrence of treatment-emergent adverse events, 

Outcomes/endpoints 

The primary efficacy measure was time to first event of a composite of cardiovascular death, nonfatal 
myocardial infarction, or nonfatal stroke at study end. Cardiovascular Death (CV Death) was defined 
as death due to documented cardiovascular cause. Additionally, death not clearly attributable to non- 
cardiovascular causes was considered CV death. The definition of myocardial infarction (MI) was 
adapted from the standard American College of Cardiology (ACC) definition and was dependent on 
the clinical timing of the event in relation to presenting syndrome and cardiovascular procedures. A 
peri-procedural event must be distinct from the index event. If an ischemic biomarker was elevated at 
the onset of the suspected event, there must be demonstration of a falling biomarker level prior to the 
onset of the suspected event, and the subsequent peak must be greater than L5 times the value prior to 
the onset of the event. The biomarker levels required for the diagnosis of MI were dependent on 
relationship to cardiac procedures: 

- If the suspected event was within 48 hours of a PCI, the CK-MB value (on at least two samples) 
must be >3x ULN or >5xULN on the last available sample provided it was obtained >12 hours 
after the PCI; no symptoms were required. 

- If the suspected event was within 48 hours of a CABG, the CK-MB value (on a single measure) 
must be >10xULN; no symptoms were required. 

- If the suspected event was not within 48 hours of a PCI or CABG, the diagnostic criteria were 
met if the subject had CK-MB or cardiac troponin >ULN and the presence of either chest pain 
>20 minutes in duration or ST-segment deviation >1 mm on the ECG. 

In any clinical circumstance, the appearance of new Q-waves on the ECG distinct from a prior event 
or pathologic evidence (such as autopsy) showing a new MI felt to be distinct from a prior event were 
considered appropriate evidence for MI, as would ST-segment elevation lasting for at least 20 minutes 
and accompanied by ischemic chest pain or haemodynamic decompensation. Nonfatal stroke was 
defined as the rapid onset of new, persistent neurologic deficit lasting more than 24 hours. In the case 
of clinical diagnosis of nonfatal stroke, computed tomography (CT) or magnetic resonance imaging 
(MRI) scan imaging was strongly recommended. CT or MRI scans were considered by the Clinical 
Events Committee (CEC) to support the clinical impression. Supplemental information from head CT 
or MRI scans determined if there was a demonstrable lesion compatible with an acute nonfatal stroke. 
Furthermore, nonfatal stroke was classified as either ischemic or hemorrhagic based on imaging data, 
if available, or uncertain cause if imaging data were not available. 

Secondary efficacy endpoints included: 

- CV death, nonfatal MI, or nonfatal stroke through 30 days and 90 days post randomization. 

- CV death, nonfatal MI, or UTVR through 30 days and 90 days post randomization, UTVR 
required both of the following: PCI or CABG, for recurrent ischemia that, in the investigator's 
opinion, could not be delayed for more than 24 hours and was defined by the investigator as a 
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non-elective procedure (urgent), and revascularization, either with CABG or PCI, had to 
include one or more vessel(s) dilated at the initial (qualifying) procedure. 

- All cause death, nonfatal MI, or nonfatal stroke. 

- CV death, nonfatal MI, nonfatal stroke, or re-hospitalization for cardiac ischaemic events. 

- Definite or probable (Academic Research Consortium (ARC) definition) stent thrombosis. 

Safety endpoints were set as follows: Non-CABG-related TIMI Major bleeding, Non-CABG-related 
TIMI Life-Threatening bleeding, and Non-CABG-related TIMI Minor bleeding. 
Non-CABG-related TIMI Major bleeding was any intracranial haemorrhage (ICH) OR any clinically 
overt bleeding including bleeding evident on imaging studies) associated with a fall in haemoglobin 
(Hgb) of >5 gm/dL from baseline, Non-CABG-related TIMI Life-Threatening bleeding was any Non- 
CABG-related TIMI Major bleeding that was fatal, led to hypotension that required treatment with 
intravenous inotropic agents, or required surgical intervention for ongoing bleeding, or necessitated 
the transfusion of 4 or more units of blood over a 48-hour period, or any symptomatic ICH. Non- 
CABG-related TIMI Minor bleeding was any clinically overt bleeding associated with a fall in Hgb of 
>3 gm/dL but <5 gm/dL from baseline. 

Sample size 

Study TAAL was intended to continue until an estimated 875 subjects with UA/NSTEMI reached one 
of the events described in the triple composite endpoint (CV death, nonfatal MI, or nonfatal stroke) 
and a median duration of therapy of at least 12 months and a minimum follow-up of 6 months was 
achieved. A power calculation to assess superiority was performed, assuming a hazard ratio of 0.80 
and based on a two-sided log-rank test using a two-sided significance level of 0.05. In view of an 
anticipated lack of proportionality of hazard, the Gehan-Wilcoxon test was used in the primary 
analysis. The statistical power of the Gehan-Wilcoxon test depends on the direction and size of the 
deviation from proportional hazards. It is expected, however, that the power of the Gehan-Wilcoxon 
test is approximately 90% if the non-proportionality is not severe. A total of around 13,000 subjects 
with ACS were to be enrolled, so that 9500 subjects with UA/NSTEMI would be enrolled. The 
number of subjects with STEMI was to be capped at 3500 subjects, which was deemed to be adequate 
to assess the consistency of treatment effect and safety within the STEMI population. 

Randomisation 

Subjects were randomized via an interactive voice response system (IVRS) to either prasugrel or 
clopidogrel in a 1:1 ratio. Randomization was carried out at the site level and stratified by clinical 
presentation. Subjects were randomized only after diagnostic angiography confirmed anatomy suitable 
for PCI, except for patients presenting with STEMI with onset of symptoms < 12 hours. Overall, the 
randomization procedure was assessed as successfully implemented. For a few patients (1,7%) the 
randomization was based on incorrect strata and the site monitoring identified a small number of 
patients (< 1.3%), who were given the wrong kit/drug. The impact of these protocol violations on the 
study results is believed to be negligible. 

Blinding (masking) 

Participants, the sponsors, and all study site personnel were blinded to study drug. Selected clinical 
study personnel not associated with the study or its operations were granted access to randomization 
table and treatment assignments. These personnel were limited to those who prepared unblinded 
summaries and analyses for the periodic safety reviews by the Data Safety Monitoring Board (DSMB) 
and/or regulatory agencies. 

Statistical methods 

All efficacy analyses were performed using an intent-to-treat dataset, consisting of all randomized 
subjects. The safety analyses were carried out using the treated data set that includes all subjects who 
received at least one dose of study drug, either a loading dose or maintenance dose. Primary efficacy 
analyses were conducted on endpoints adjudicated by an independent CEC, including CV death, 
myocardial infarction, stroke, urgent target vessel revascularization, and stent thrombosis. The 
comparison of the primary endpoint was evaluated using the Gehan-Wilcoxon test from a time-to-first 
event analysis at a two-sided alpha level of 0.05. Subjects experiencing multiple occurrences of an 
endpoint were censored at the time of first occurrence. All other key efficacy and safety analyses were 
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conducted using the log-rank test from a time-to-first event analysis. All efficacy and safety analyses 
were carried out first for subjects with UA/NSTEMI, followed by analysis of the same endpoint in the 
All ACS population (UA/NSTEMI plus STEM! subjects) if superiority of prasugrel was demonstrated 
in the UA/NSTEMI population. The primary outcome was also analyzed in the STEMI population. 
Analyses including all subjects with ACS included clinical presentation UA/NSTEMI us STEMI as a 
stratification factor in the time-to-first event analyses. For the secondary analyses no formal 
adjustment of the grade of statistical significance is considered necessary, due to the presence of a 
predefined hierarchical strategy. The statistical analysis plan was well prepared and follows the 
recommendations in the CHMP Guideline CPMP/EWP/2330/99 (Points to Consider on multiplicity 
issues and on application with one pivotal study). 

Results 

Participant flow in study TAAL 



1S357 subjects streenadl 



13519 subjects randstriggdl 



4738 screen failures j 



882D subjects assigned to 
prasngrgt 



7 subjects. 
w th out date 



6813 subjects in the HT analysis 
data set 



S7S9 swbjerfs assigned to 
clcpidftprel 



4subjoels 
without data 



6755 subjects in lha HT analysis 
data set 



There were 7 subjects randomly assigned to prasugrel, and 4 subjects randomly assigned to 
clopidogrel without data available for inclusion in the final analysis dataset due to an incomplete 
informed consent document. The most frequent reason for screen failure was that subjects did not meet 
the inclusion criteria. The majority (98.9%) of subjects completed the study and the number of patients 
withdrawing consent or considered lost to follow-up was similar between treatment groups. 

Recruitment 

The enrolment period for Study TAAL was 5 November 2004 to 14 January 2007, The last subject 
visit occurred on 22 July 2007. The geographic variation, which is likely to depict the future use of the 
drug, is shown below. 



Region of Enrollment n (%)a 


Prasugrel, n=6813 


Clopdogrel, n=6795 


North America 


2164 (31.8) 


2146 (31.6) 


United States 


2039 (29.9) 


2020 (29.7) 


Europe 


3436 (50.4) 


3439 (50.6) 


Eastern Europe 


1657(24.3) 


1665 (24.5) 


Western Europe 


! 1779(26.1) 


1774 (26.1) 


South America 


270 (3.96) 


264 (3.89) 


Rest of World 


943 (13.8) 


946(13.92) 



Conduct of the study 

Study TAAL was conducted in 725 centres in 30 countries around the world. The following changes 
were made in the conduct of the study after the start of the study: The definition of nonfatal peri- 
procedural myocardial infarction (PPMI) within 48 hours after percutaneous coronary intervention 
was modified (protocol amendment A). The modified definition maintains the original definition and 
extends the definition of PPMI to include a CK-MB >5xULN on one sample if it is the last available 
sample and was drawn >12 hours after PCI. This change affected only the CEC adjudication of PPMI 
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within 48 hours of PCI. The criteria for investigator-identified nonfatal clinical MI that were also 
adjudicated by the CEC remained unchanged.. 

Overall, changes made during study conduct were not considered major. 
Baseline data 



Characteristic 


Prasugrel 


Clopidogrel 


Clinical Presentation n (%) 


N-6813 


N=6795 


UA/NSTEMI 


5044 (74.0) 


5030 (74.0) 


STEMI 


1769 (25.9) 


1765 (26.0) 


STEMI <12 hours a 


1203 (17,7) 


1235 (18,2) 


STFMT>1? hnnr^a 

O A .CilVll ^ 1 £m iIU Ul a 


564 (8.3) 


530 (7,80) 


Age (Years) 


JN=oal3 


vr cntxs 

JN=o795 


Overall Mean (aD) 


£n n/i l o 

ou.y/i i.2 


□u.y/ 1 1.4 


>75 Years n (%) a 




yuii/i 5 A 


Sexn (%a) 


N=6813 


N-6795 


Female 


1705 (25.0) 


1010 £ o\ 

1818 (26.8) 


Region of Enrollment n (%)a 


N=68l3 


N-6795 


North America 


2164 (31.8) 


2146 (31.6) 


United States 


2039 (29,9) 


2020 (29.7) 


Europe 


3436 (50,4) 


3439 (50.6) 


Eastern Europe 


1657 (24,3) 


1665 (24.5) 


Western Europe 


1779 (26,1) 


1774 (26,1) 


South America 


270 (3,96) 


264 (3,89) 


Rest of World 


943 (13.8) 


946 (13,92) 


Tfc J ITT * 1 j / 1 \ 

Body Weight (k^) 


N=6722 


N=6715 


Mean (SD) 


83.6 (16.8) 


83,2 (16,9) 


Creatinine Clearance 


XT— £. j£Af\ 

rN=G699 


"TVT— £CQ~\ 

JM=OOol 


<ou ml/mm 




nn a ft 1 £\ 


Index Procedure(s) 


iy /TOT 1 


IN— o/y5 


rCI 


ict i /no £\ 

o/i j (yo.o) 


/■/;rio /no JC^ 

ooyo (y^.o) 


Multivessel rLl 


y&7 (14.7) 


y4o (14.4^) 


LAJdCj 


2,5 (U.J7) 


2.5 (U.J4) 


Any otent 


0UI0 {yJ./} 


ouu4 (yo.i) 


Bare Metal stent 


j 1 yu p i.uj 


j 1 0 J p l.UJ 


Tifiifi w liifitirT Vl+^Tii" 
UlUg, C/lULlll^, OLC-JIL 






GPIlb/IIIa inhibitor use 


3670 (53.9) 


3733 (55.0) 


Medical History n (%)* 


N=6813 


TS=6795 


Diabetes Mellitus 


1576 (23.1) 


1570 (23.1) 


Hypertension 


4370 (64.1) 


4371 (64.3) 


Hypercholesterolemia 


3790 (55.6) 


3790 (55.8) 


Prior MI 


1226(18.0) 


1208 (17.8) 


Prior PCI 


904(13,3) 


926 (13.6) 


Prior CABG 


541 (7.94) 


497 (7.3) 


Prior TIA 


94(1.38) 


117(1,7) 


Prior Stroke 


181 (2.66) 


160 (2.35) 



Abbreviations: CABG = coronary artery bypass graft; MI ■ myocardial infarction; N — number of subjects randomly 
assigned; n - number of subjects in sub-category; NSTEMI - non-ST segment elevation myocardial infarction; PCI = 
percutaneous coronary intervention; SD = standard deviation; STEMI = ST-segment elevation myocardial infarction; TIA = 
transient ischemic attack; UA = unstable angina. 

a % is percent (rounded to nearest whole number) of number of subjects with non-missing values for category. 



The majority of subjects were male and Caucasian. The mean age was 61 years and the mean weight 
was 83 kg. The subject characteristics were well balanced across the treatment groups; in UA/STEML, 
STEMI, and all ACS populations. Exceptions of statistically significant differences were age and 
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diabetic treatment in the STEMI population, gender in the All ACS population, and the use of 
angiotensin-converting enzyme inhibitors (ACEI) in the UA/NSTEMI and the All ACS populations. 
The magnitude of the imbalances was small and these imbalances are not believed to affect the 
outcome of the study. It is of note that T1MI Risk Index score at baseline was identical in the all ACS 
population in the two treatment arms. There is a small difference - albeit statistically insignificant - in 
number of patients with a history of prior stroke between the two treatment arms. 

Numbers analysed 

The ITT population is defined as all randomized subjects except where otherwise specified. The 
Safety population is formed by all randomised patients who received at least one dose of the 
medication and had at least one contact with the investigator afterwards. Overall compliance with 
taking study drug was high (approximately 96%), 

Outcomes and estimation 

Study TAAL demonstrated that treatment with prasugrel, as compared with clopidogrel at the 
standard, approved dose, resulted in a statistically significant reduction in the rate of the primary 
efficacy endpoint (the composite of CV death, nonfatal MI, or nonfatal stroke at a median of 14.5 
months follow-up). In addition, there was a statistically significant reduction in all pre-specified 
secondary efficacy endpoints. This was shown across the full spectrum of ACS with planned PCI. The 
primary and secondary efficacy endpoints were analyzed first in subjects with unstable angina and 
non-ST-segment elevation myocardial infarction (UA/NSTEMI), followed by an analysis of the same 
endpoints in all subjects in the All ACS population (UA/NSTEMI and ST-segment elevation 
myocardial infarction (STEMI)). The data were then also analysed in patients present ing with STEMI. 
For subjects presenting with UA/NSTEMI, the number and percentage of subjects reaching the 
primary composite endpoint were 469/5044 (9.30%) and 565/5030 (1 1.23%) for those randomized to 
prasugrel or clopidogrel, respectively, (HR=0.820 (95% CI 0.726-0.927)), For subjects presenting with 
STEMI, the number and percentage of subjects reaching the primary composite endpoint were 
174/1769 (9.84%) and 216/1765 (12.24%) for those randomized to prasugrel or clopidogrel, 
respectively, (HR=0.793 (95% CI 0.649-0.968)). In the all ACS population, the number and 
percentage of subjects reaching the primary composite endpoint were 643/6813 (9.44%) and 781/6795 
(11.49%) for those randomized to prasugrel or clopidogrel, respectively, (HR=0.812 (95% CI 0,732- 
0.902)). Thus, on average a relative risk reduction of approximately 20% was achieved. An absolute 
risk reduction of approximately 2% was observed. 

Considering the individual components of the main endpoints significant reductions in the prasugrel 
group in the rates of ischemic events were observed. This differences were largely related to reduction 
in nonfatal MI (6.97% P vs 9.12% C, HR 0.757, p<.001) and all MI (7.12% P vs. 9.32% C, HR 0,757, 
p<.001). Positive results were evident within the first 24 hours following PCI, thus data seem to 
demonstrate a reduction in the early ischemic events such as peri-procedural ML The risks of 
nonprocedural clinical MI were significantly reduced in the prasugrel group, as was the risk of new 
ST-elevation MI. However, this effect was not associated with a difference in the incidence of all 
cause death or CV death between treatment groups. It is of note that the higher level of platelet 
inhibition achieved relatively fast with the LD of prasugrel, leads to a reduction of the risk of 
thrombotic complications in the acute phase. Statistically significant differences in favour of prasugrel 
were also detected for all the planned secondary efficacy endpoints (see Methods, Objectives on page 
35). 
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Study TAAL Primary Efficacy Endpoint and Components at Study End 



Event 


Prasugrel 


Clopidogrel 


Hazard Ratio 


p-Value c 




n (%)* 


n (%)» 


(95% CI)b 




UA/NSTEMI 


N=5044 


N=5030 






Primary End Point 

CV Death, Nonfatal MI, or 
Nonfatal Stroke 


469 (9.30) 


565 (11.23) 


0.820 (0.726,0.927) 


0,002 


CV Death 


90(1.78) 


92 (1.83) 


0.979 (0.732,1.309) 


0.885 


Nonfatal MI 


357 (7.08) 


464 (9,22) 


0,761 (0.663,0.873) 


<0.001 


Nonfatal Stroke 


40 (0.79) 


41 (0.82) 


0.979 (0.633,1.513) 


0.922 


All Cause Death 


130 (2.58) 


121 (2.41) 


1.076 (0.840,1378) 


0.563 


All MI 


366 (7.26) 


476 (9.46) 


0.760 (0.663,0,871) 


O.001 


All Stroke 


49 (0.97) 


46 (0.91) 


1.068 (0.714,1.597) 


0.748 


STEMI 


N=1769 


N=1765 






Primary End Point 

CV Death, Nonfatal MI, or 
Nonfatal Stroke 


174 (9.84) 


216 (12.24) 


0.793 (0.649,0.968) 


0.019 


CV Death 


43 (2,43) 


58 (3.29) 


0.738 (0.497,1.094) 


0.129 


Nonfatal MI 


118(6,67) 


156 (8.84) 


0.746 (0.588,0.948) 


0.016 


Nonfatal Stroke 


21 (1.19) 


19(1.08) 


1.097(0.590,2.040) 


0.770 


All Cause Death 


58 (3.28) 


76 (4.31) 


0.759 (0.539,1.068) 


0.113 


All MI 


119(6.73) 


157(8.90) 


0.748 (0.589,0.949) 


0.016 


All Stroke 


26 (1.47) 


25 (1.42) 


1.032 (0.596,1.787) 


0.911 


All ACS 


N=6813 


N=6795 






Primary End Point 

CV Death, Nonfatal MI, or 
jNoniatal btroice 


643 (9.44) 


781 (11.49) 


0,812(0.732,0.902) 


<.001 


CV Death 


133 (1.95) 


150 (2.21) 


0.886 (0.701,1.118) 


0.307 


Nonfatal MI 


475 (6.97) 


620 (9.12) 


0.757 (0.672,0.853) 


<0.001 


Nonfatal Stroke 


61 (0.90) 


60 (0.S8) 


1.016(0.712,1.451) 


0.930 


All Cause Death 


188 (2.76) 


197 (2.90) 


0.953 (0.781,1.164) 


0.639 


All MI 


485 (7.12) 


633 (9.32) 


0.757 (0.673,0.852) 


O.001 


All Stroke 


75(1.10) 


71 (1.04) 


1.055 (0.763,1.460) 


0.745 



Abbreviations: ACS — acute coronary syndromes, CI — confidence interval; CV = cardiovascular; MI = myocardial infarction; N = number 
of randomly assigned subjects; n = number of subjects in sub -category; N STEM I = non-ST-elevation myocardial infarction; STEMI = ST- 
segment elevation myocardial infarction; UA = unstable angina. 
Percentage of randomly assigned subjects reaching the primary endpoint. 

bHazard ratio and a 95% CI used as an estimate of overall relative risk, prasugrel versus clopidogrel, over the course of the study. 
cTwo-sided p-values are based on Gehan-Wilcoxon test comparing event free survival distributions of prasugrel and clopidogrel for the 
composite primary endpoint. The individual components of the endpoints were tested using log-rank test, Clinical presentation, 
UA/NSTEMI versus STEMI, was used as a stratification factor in analysis involving All ACS subjects. 

Efficacy was preserved across major pre-specifled subgroups: sex, age (older or younger than 65 
years), history of diabetes, type of stent employed, use of glycoprotein inhibitors, mono- or poly 
antithrombin use ? dose of aspirin, renal function, geographical region. The treatment benefit was 
durable. The incidence of primary and secondary composite endpoints was statistically significantly 
lower in subjects treated with prasugrel compared to clopidogrel in the acute phase (within 3 days), the 
subacute phase (within 30 days), and in the long-term phase. 
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Secondary Outcome Events in Study TAAL - All ACS population 




Outcome Events 


prasugrel 

+ ASA 
(N=6813) 
% 


Clopidogrel 
+ASA 
(N-6795) 
% 


Hazard Ratio 
(95% CI) 


P- 

value 


CV death, nonfatal MI or nonfatal stroke 
through 90 days 


6.8 


8.4 


0.797 (0.705,0.901) 


<0.001 


CV death, nonfatal MI or nonfatal stroke 
through 30 days 


5.7 


7.4 


0.767 (0.672,0.876) 


<0.001 


CV Death, Nonfatal MI or urgent target vessel 
revascularisation (UTVR) through 90 days 


6.9 


8.7 


0.794 (0.703,0.896) 


<o.ooi 


CV death, nonfatal MI, or UTVR through 30 
days 


5.9 


7.4 


0.784 (0.688,0.894) 


<0.001 


All cause death, nonfatal MI, or nonfatal stroke 
through study end 


10.2 


12.1 


0.831 (0.751,0.919) 


O.001 


CV death, nonfatal MI, nonfatal stroke or 
^hospitalisation for cardiac ischemic event 
through study end 


11.7 


13.8 


0.838 (0.762,0.921) 


0,001 




0.9 


1.9 


0.494 (0.361,0.677) 


O.001 


Definite or probable stent thrombosis through 
study end a 











a N=6422for EFIENT andN=6422for clopidogrel 



Ancillary analyses 

Elderly patients and patients with weight <6Q kg 

Analyses of the risk for TIMI bleeding by different weight and age cut-offs in study TAAL indicate 
that the odds ratio for bleeding with 10 mg prasugrel increases around the weight limit of less than 60 
kg and age limit of greater than or equal to 75 years. The additional analyses presented suggest an 
increased bleeding risk associated with weight < 60 kg and age > 75 years and the CHMP raised this 
as a major objection regarding the proposed reduced 5 mg MD in these two populations.. However, 
patients over 75 years of age weighing more than 60 kg did not seem to have an increased prasugrel 
exposure to the same extent as in patients weighing <60kg. This issue was also addressed in the oral 
explanation held at the CHMP. The results of the analysis conducted via a PK/PD model to evaluate 
the dose 5 mg in patients < 60 kg or > 75 years of age need clinical confirmation and the Company is 
conducting such studies as part of the follow-up measures.. 
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Comparison of lQ-mg Prasugrel Exposure by Weight and Age Categories - Study TAAL 



Group 


N 


Mean Age 
(years) 


Mean 
Weight (kg) 


G-Mean 
AUC 
(ng*hr/mL) 


Ratio of Geometric 
Mean (90% CI)* 


>60kg and <75years 


996 


58 


85 


81.3 




<60kg and <75years 


36 


60 


54 


101.9 


1.254 (LI 05, 1-422) 


<60kg and >75years 


11 


80 


53 


127.5 


1.569 (1.252, 1.965) 


>60kg and >75years 


110 


79 


78 


94.5 


1.163 (1.079, 1.253) 



Abbreviations: CI - confidence interval; G-Mean = geometric least square mean; N = number of subjects in the specified subgroup. 



a versus 260 kg and <75 years 

The question of the proposed reduction in the maintenance dose of prasugrel by one half in elderly 
patients (> 75 years) to reduce the risk of bleedings while not compromising the efficacy of the drug 
was discussed by the Scientific Advisory Group requested by the CHMP. This was also addressed at 
the oral explanation. Based on the increased risk of bleeding in patients > 75 years of age treated with 
a 10 rag maintenance dose, a very strong wording in the SPC is implemented, stating that use in 
patients >75 years of age is generally not recommended and advising caution for the use of prasugrel 
in the elderly >75 years (i.e. individual benefit/risk evaluation and reduced maintenance dose of 5 mg). 
Although,the evidence for a 5 mg dose is based only on PK/PD analyses and no clinical data currently 
exist on the safety of this dose in the very elderly, it is believed that the treatment option in specifically 
selected and evaluated elderly patients at increased risk for ischemic events should be open after a 
careful, individual risk benefit evaluation. 

In addition, reliable risk minimisation measures must be put in place and safety and efficacy data from 
clinical trials with this sub-population must be provided to the CHMP, as stated in the list of follow up 
measures. Adequate educational strategies prepared along with the scientific societies are to be put in 
place as requested by the CHMP as a condition for the safe and effective use of this medicinal product. 

• Clinical efficacy results in special populations 
In-stent thrombosis 

Applying the ARC defmitions (which included angiographic and clinical principles), there was a 
significant reduction in stent thrombosis in the prasugrel group including both reductions in early (<30 
days) and late (> 30 days) stent thrombosis that was consistent in the 3 populations (UA/NSTEMI, 
STEMI, and All ACS). The RRR observed in both UA/NSTEMI and STEMI groups it is stated to be 
of nearly a 50%, A significant reduction in the rate of the incidence of the primary endpoint was found 
among patients receiving prasugrel in combination with bare-metal stents (9.37% P vs. 11.59% C) 
alone and in those receiving prasugrel in combination with at least one drug-eluting stent (8.67% P vs. 
10.86% C). A lower incidence in the need of urgent target-vessel revascularization in the prasugrel 
group was also found. 

Previous stroke/TIA 

From the multivariate analysis the only risk factors differentially influencing the primary efficacy 
endpoint for prasugrel compared with clopidogrel were prior TIA or stroke and diabetes (see below). 
In particular, primary endpoint results in the All ACS population in those that had a prior history of 
TIA or stroke seem to favour clopidogrel (prasugrel N 262 n 47 (17.94%) vs clopidogrel N 256 n 35 
(13.67%) HR 1375 CI 95% (0.886, 2.132) p= 0.153). Also, a higher incidence of nonfatal stroke and 
all stroke either hemorrhagic or non-hemorrhagic, when compared with clopidogrel (nonfatal stroke: 
5.73% versus 0.78%, p-value =.002; all stroke: 6.49% versus 1.17%, p-value -.002) was observed. 
These patients with prior TIA or stroke have now been contraindicated to prasugrel. 

Diabetes 

For the diabetic population the incidence of the primary efficacy endpoint (All ACS, prasugrel N 1576 
n 180 (11.42%) vs clopidogrel N 1570 n 248 (15.80%) HR 0,709 CI 95% (0.582, 0.854) p= 0.001) 
and each secondary efficacy composite endpoint was lower in subjects randomized to prasugrel 
compared to subjects randomized to clopidogrel in all 3 populations (UA/NSTEMI, STEMI, and All 
ACS). Recently published clinical results have suggested that subjects with diabetes may have greater 
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platelet reactivity and a lower antiplatelet response during clopidogrel treatment In contrast, the 
current observations suggest that in subjects with stable CAD (study TABR and TABL), prasugrel 
treatment provided consistent levels of platelet inhibition in those with and without diabetes. It is 
proposed that more potent platelet inhibition with prasugrel may result in improved clinical outcomes 
in ACS subjects with diabetes. 

• Discussion on clinical efficacy 

Regarding clinical relevance and general interpretation of the results in the context of current 
evidence, study TAAL could be large enough to address separately the thienopyridine-mediated 
platelet inhibition in the two major presentation forms of acute coronary syndrome (that is, 
UA/NSTEMI and STEMI), The median time from onset of qualifying symptoms to randomization in 
study TAAL in subjects presenting with UA/NSTEMI was 28.9 and 29.0 hours for patients 
randomized to prasugrel or clopidogrel treatment, respectively. Upper quartiles were 48.6 and 49.0 
hours, respectively. In study TAAL, all patients with UA/STEMI were randomized after coronary 
pathoanatomy was known, i.e. after coronary angiography. The strategy of administering the 
thienopyridine LD once coronary anatomy is known appears to be preferred because of concerns about 
surgical bleeding in patients treated with clopidogrel that subsequently undergo CABG surgery. It is 
acknowledged that the optimum timing of platelet inhibition with a thienopyridine has been debated in 
recent years. The benefits of the early administration of clopidogrel before PCI does not come from 
randomised clinical trials primarily aimed to this end, but from post-hoc subgroup analyses and 
observational studies. 

The primary objective of study TAAL was to test the hypothesis that prasugrel co-administered with 
aspirin was superior to clopidogrel co-administered with aspirin in the treatment of subjects with acute 
coronary syndromes (ACS) who were to undergo percutaneous coronary intervention (PCI), as 
measured by a reduction in the composite endpoint of cardiovascular (CV) death, nonfatal myocardial 
infarction (MI), or nonfatal stroke at a median follow-up of at least 12 months. It was pre-specified 
that the primary endpoint was analyzed first in subjects with unstable angina and non-ST-segment 
elevation myocardial infarction. Efficacy superiority of prasugrel has been fully demonstrated for the 
primary and all secondary endpoints. As mentioned earlier, the timing of prasugrel LD treatment in 
study TAAL deviated from the present treatment guidelines and this initially raised objection was 
addressed by presenting several lines of evidence from study TAAL, all of which suggested that the 
timing of clopidogrel LD did not substantially influence the overall efficacy (or safety) of prasugrel 
observed in this trial. It was noted that for subjects treated with GPIIb/IIIa inhibitors, there was no 
evidence that the relative benefit for prasugrel versus clopidogrel was reduced or that there was an 
excess need for bail out GPIIb/IIIa inhibitor use during PCI in those patients randomised to 
clopidogrel in the TAAL study. This observation could indirectly indicate that the timing of study drug 
LD did not substantially influence overall efficacy. Furthermore, when study drug LD is administered 
before or during PCI, both clopidogrel and prasugrel would be at their near-maximal levels of platelet 
inhibition achievable by the LD in the early hours following the PCI. This claim is well supported by 
pharmacokinetic data and ex vivo platelet inhibitory activity for prasugrel and clopidogrel, and 
supports that the timing of study drug LD did not substantially influence the overall efficacy. Stronger 
evidence for this position originates in the subgroup analysis of patients pre-treated with 
thienopyridine. In study TAAL, if coronary anatomy was determined or primary PCI for STEMI (<12 
hours) was planned, pre-treatment with study drug was allowed for up to 24 hours before PCI. The 
percentage of subjects in this pre-treated subgroup reaching the composite endpoint of CV death, 
nonfatal MI, or nonfatal stroke from randomisation through study end was 9.94 and 11.29, 
respectively, for subjects pre-treated with prasugrel or clopidogrel. Although not statistically 
significant for this subgroup, the difference rather strongly favours the notion that that the timing of 
study drug LD to a large extent did not influence overall efficacy. Additional examination of the 
subgroup data shows that the predominant benefit of being randomised to prasugrel treatment is not 
evident in the reduction in peri-procedural MI, a time when prasugrel would presumably have the 
greatest early advantage, but rather in the reduction in subsequent clinical ML It is acknowledged that 
this observation also supports the position that timing of study drug LD is not crucial to the overall 
efficacy. Finally, the analysis of long-term clinical benefits in Study TAAL confirms the lack of 
influence of timing of study drug on efficacy. Considering all of these lines of evidence, it is unlikely 
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that timing of study drug LD had major importance to the overall efficacy demonstrated in Study 
TAAL. 

Regarding the subjects presenting with STEMI, the number and percentage of subjects reaching the 
primary composite endpoint were 174/1769 (9.84%) and 216/1765 (12.24%) for those randomized to 
prasugrel or clopidogrel, respectively, (HR=0,793 (95% CI 0.649-0,968)). The treatment benefit was 
durable; at 3 days, at 30 days, and at study end. Regarding possible effects of prior fibrinolytic 
treatment, the percentage of subjects reaching the composite endpoint was 6.4% and 8.7% 
(randomized to prasugrel or clopidogrel, respectively) if fibrinolytic therapy was used before PCI. The 
corresponding percentages if fibrinolytic therapy was not used were 10.2% and 12.7%. There was no 
significant statistical interaction between the treatment benefit observed with prasugrel and prior 
treatment with a fibrinolytic agent in those presenting with STEM! It is therefore unlikely that the 
efficacy benefit with prasugrel in subjects presenting with STEMI was influenced by the 
administration of a fibrinolytic agent prior to PCI. There was a lower incidence of the primary 
composite endpoint in subjects randomized to prasugrel compared to clopidogrel in the STEMI 
population undergoing primary (<12 hours) PCI (10.06 % versus 1 1.50%; HR=0.872; p=.266). In the 
STEMI population undergoing delayed (>12 hrs) PCI the corresponding values were 9.40 % versus 
13.96%; HR=0.649; p= 015. Initially, these data suggest that patients presenting with STEMI late after 
symptom onset benefit from prasugrel treatment in particular, However, these patients were in 
principle handled like patients with UA/NSTEMI, i.e. they were randomised and received study 
treatment after diagnostic coronary angiography. In addition, the description of the primary endpoint 
was simplified in the wording of the indication to increase the clarity, but data on each of the 
individual components of the primary endpoint is retained in the SPC in a relevant section. 

For some patients at special risk (very elderly >75 years, patients weighing < 60 kg) dose reduction is 
suggested. After an LD of 60 mg, an MD of 5 mg once daily is recommended, but these patients were 
not adequately studied with a 5 mg maintenance dose. These considerations formed the basis of a 
major objection raised by the CHMP. New safety/efficacy analyses based on the active metabolite 
exposure and PK/PD simulations were presented in the CHMP oral explanation and were conducted in 
order to support the proposed reduction to a 5 mg prasugrel MD in subjects <60 kg or > 75 years of 
age. The reduction of the dose is proposed for the following reasons: 

- higher exposure to the prasugrel active metabolite in this sub-population associated with an 
increased risk of bleeding 

- bleeding in subjects <60 kg or >75 years was predominantly confined to subjects with the 
highest exposure 

- subjects <60 kg or >75 years of age with lower exposure to the active metabolite had similar 
risk of bleeding as subjects >60 kg or <75 years of age 

- based on the results of a predictive model, reducing the prasugrel MD to 5 mg in subjects <60 
kg or >75 years of age produces similar exposure as was observed in the lowest quartile 
exposure in the overall population in study TAAL on the prasugrel 10 mg MD, a quartile of 
exposure where efficacy was maintained and the risk of bleeding was lowered, 

In addition, two dedicated studies aimed to compare the PK, PD, safety, and tolerability of prasugrel in 
subjects <60 kg or >75 years treated with a MD of either prasugrel 5-mg, prasugrel 10-mg, or 
clopidogrel 75-mg will be conducted as part of the follow up measures. Further a post-authorisation 
study will be performed to assess the benefit/risk of prasugrel used in real life setting. Results from the 
study H7T-MC-TABY (TABY) with 10,000 randomised subject assessing the efficacy and safety of 
prasugrel compared to clopidogrel in medically managed subjects with ACS who have experienced a 
recent UA/NSTEMI event will be made available to the CHMP and this commitment is part of the 
follow up measures. The CHMP accepted the proposed dose reduction in patients weighing < 60kg, 
Although, the dose-reduction in the very elderly >75 years and the benefit/risk with the 5 mg MD is 
not fully clinically supported at present, it is believed that the treatment option in specifically selected 
and evaluated elderly patients at increased risk for ischemic events should be open after a careful, 
individual risk benefit evaluation. 
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Clinical safety 
Introduction 

The clinical safety evaluation of prasugrel is primarily based on the pre-specified primary database 
from the pivotal TAAL study. It includes data from 13457 treated subjects with acute coronary 
syndromes (ACS) undergoing percutaneous coronary intervention (PCI) who were treated with 
prasugrel (6741 subjects) or clopidogrel (6716 subjects), co-administered with aspirin for up to 15 
months. These patients have been exposed to the proposed prasugrel dosing regimen (60-mg loading 
dose [LD]/10-mg maintenance dose [MD]). The secondary safety database includes data from the 4 
smaller studies; TAAD, TAAH, TABL, TABR grouped into "All but TAAL (ABT)", and Study 
TAAL limited to the first 30 days after first dose of study drug, (t TAAL-30". The tertiary safety 
database comprises the safety data from clinical pharmacology studies. Two major populations 
contributed to the All ACS population: 

- UA/NSTEMI (clinical presentations being UA or NSTEMI within 72 hours) 

- STEMI (clinical presentations being STEMI <12 hours since symptoms onset or STEM1 >12 
hours since symptoms onset) 

The number of subjects with STEMI was capped at 3534 subjects. The majority of subjects in the All 
ACS population were male (74%) and Caucasian (92%). The mean age was 61 years and the mean 
weight was 83 kg. The geographic region of origin was Europe in approximately 50% and North 
America in 32%. 

• Patient exposure 

A total of S656 subjects (6741 from the primary safety database, 940 from the secondary safety 
database and 975 from the tertiary safety database) have been exposed to at least 1 dose of prasugrel 
across all completed clinical and clinical pharmacology studies. The overall exposure to prasugrel in 
the primary safety database was 6483 subject-years. More than half of the subjects treated with 
prasugrel were exposed for more than 1 year. For the primary safety database "while at risk" was 
defined as the period from first study drug administration through 7 days after permanent study drug 
discontinuation (the termination visit) or through 464 days after randomisation, whichever came first. 

• Adverse events 

In the primary safety database, treatment-emergent adverse events (TEAEs) were reported in 80.34% 
of prasugrel treated patients and 80,02% of clopidogrel treated patients. Clinically significant AEs 
were also pre-specified apart from CEC adjudicated bleeding endpoints, and included AEs of 
particular interest (thrombocytopenia, thrombotic thrombocytopenic purpura [TTP], neutropenia, 
leucopenia, pancytopenia, torsades de pointes/QT prolongation, allergic reactions, and abnormal 
hepatic function). No statistically significant difference between treatments was observed for these 
clinically significant TEAEs (not either for TEAEs and SAEs) when the analysis was limited to the 
first 3 days (prasugrel 3.16%, clopidogrel 2.75%) or the first 30 days (prasugrel 5.34%, clopidogrel 
5.0%). The majority of drug related adverse events were related to bleeding and the risk was higher 
with prasugrel than with clopidogrel. 

Hemorrhagic AEs occurred with a statistically significant higher incidence in the prasugrel treated 
patients compared to clopidogrel, 29.70% vs 22.04% (p<0.001). Both CEC- adjudicated non-CABG- 
related TIMI Major Bleeding, TIMI Major or Minor Bleeding and TIM1 Major, Minor, or Minimal 
Bleeding were statistically significantly increased in prasugrel vs. clopidogrel patients (2.17% vs. 
1.65%, 4.49% vs. 3.44%, and 10.86% vs. 7.86%, respectively). Though numbers of patients 
undergoing CABG were small (213 in the prasugrel group, 224 in the clopidogrel group), it appeared 
that the risk of CABG related TIMI Major or Minor Bleeding was approximately tripled in the 
prasugrel arm (30 patients [14.08%] vs. 10 patients [4,46%], p<0.001). The overall distribution of 
hemorrhagic TEAEs and the higher incidence of hemorrhagic TEAEs in prasugrel and clopidogrel 
treated patients, respectively, was comparable between the UA/NSTEMI subgroup (prasugrel 29.95%, 
clopidogrel 22.21%), and the STEMI subgroup (prasugrel 28.97%, clopidogrel 21.54%). Nevertheless, 
although the number of STEMI patients receiving fibrinolytic treatment was small, the bleeding events 
were comparable between STEMI patients who received fibrinolytic treatment and the patients who 
did not receive fibrinolytic treatment. In addition, the efficacy benefit seen with prasugrel treatment in 
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the STEMI population, was not outweighed by bleeding complications in STEMI sub -population of 
patients managed with delayed PCI. In order of descending frequency, contusion, haematoma, 
epistaxis ? ecchymosis, vessel puncture site haematoma, puncture site haemorrhage, haematuria, and GI 
haemorrhage were the common (>1%) hemorrhagic ADRs associated with prasugrel therapy. In the 
secondary safety database, the overall incidence of hemorrhagic events was higher in ABT versus 
TAAL-30 for both treatment groups (ABT: prasugrel 35.74%, clopidogrel 20.66%; TAAL-30: 
prasugrel 18,29%, clopidogrel 14.34%). This was primarily due to the incidence of catheter site 
haematoma, catheter site haemorrhage, contusion, and epistaxis, 

Non-haemorrhagic AEs occurred with a similar frequency in the two treatment groups (77.33% with 
prasugrel and 77.86% with clopidogrel); statistically significant differences were seen for coronary 
revascularisation, fatigue, MI, constipation, musculoskeletal pain, cardiac failure (more frequent with 
clopidogrel) and for pyrexia and tendency to bruise (more frequent with prasugrel). The incidence of 
infections was similar between the two treatment groups. It is believed that the observed differences in 
the incidence of pyrexia are in part due to the higher incidence of bleeding in subjects treated with 
prasugrel, who more frequently received transfusions. Additionally, the causality relationship between 
rash and prasugrel could not be excluded. The issues have been adequately addressed in the RMP as a 
potential risk and pharmacovigilance measures will be implemented. 

Colon cancer was an uncommon TEAE (0.17% with prasugrel, 0.03% with clopidogrel) that occurred 
with a statistically significant higher incidence (p= 013) in subjects treated with prasugrel. Of the 19 
reports from the prasugrel group, 10 were diagnosed as a result of a diagnostic procedure following a 
gastrointestinal bleeding. On the basis of these findings, it was concluded that colon cancer was 
diagnosed more often in subjects treated with prasugrel due to a higher rate of bleeding associated 
with this therapy. 

• Serious adverse event/deaths/other significant events 
Deaths 

The overall incidence of all-cause deaths was similar between the treatment groups in the primary 
database (clopidogrel 2.90%, prasugrel 2.76%). The majority of deaths were cardiovascular deaths 
(prasugrel 1.95% vs clopidogrel 2.21%). In the UA/NSTEMI subpopulation, a numerically higher 
overall mortality was observed in the prasugrel treatment group compared to clopidogrel. However, 
the explanation is acceptable that the observed numerical increase in overall mortality in prasugrel- 
treated patients with UA/NSTEMI (9 more deaths) cannot be disentangled from the recognised 
increased risk of bleeding associated with prasugrel. Elderly patients constitute an especially sensitive 
population regarding bleeding risk, and explain most, if not all, of the numerically differences in 
mortality observed in the UA/NSTEMI population. 

There was a higher incidence of deaths due to haemorrhage in prasugrel treated patients (both ICH 
(prasugrel 9 (0,13%) vs clopidogrel 5 (0.07%) and non-ICH (prasugrel 9 (0.13%) vs clopidogrel 1 
(0.01%)) in the All ACS population (see below). The SPC was revised to state the increased risk of 
major, life-threatening and fatal bleeding associated with the use of prasugrel as compared to 
clopidogrel in the UA/NSTEMI and All ACS populations. 
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Summary of Deaths in Study TAAL; All Randomized All ACS Subjects 



Deaths All ACS Population 


Prasugrel 
N=6813 
n (%)■ 


Clopidogrel 
N=6795 
n (%)* 


Total 
N=13608 
n (%)■ 


Deaths during study period^ 


188 


197 


385 


Deaths in treated subjects 


181 


186 


367 


Deaths in subjects not treated with study 
drug 


7 


11 


18 


Deaths outside of the study period^ 


3 


0 


3 


All Total Deaths' 


191 


197 


388 


Clinical Endpoints Committee Adjudicated Deaths 


All Cause Death' 


188 (2.76) 


197 (2.90) 


385 (2.83) 


Cardiovascular Death 


133 (1.95) 


150 (2.21) 


283 (2.08) 


Atherosclerotic Vascular Disease" 1 


0 


3 (0.04) 


3 (.0002) 


CHF/Cardiogenic Shock 


31(0.46) 


30 (0.44) 


61 (0.45) 


Directly related to revascularization 6 


15 (0.22) 


16 (0.24) 


31 (0.23) 


Dysrhythmia 


4 (0.06) 


7(0.10) 


11 (0.08) 


Pulmonary Embolism 


3 (0.04) 


0 


3 (0.02) 


Myocardial Infarction 


24 (0.35) 


36 (0.53) 


60 (0.44) 


Sudden or Unwitnessed 


36 (0.53) 


42 (0.62) 


78 (0.57) 


Intracranial Hemorrhage 


9 (0.13) 


5 (0.07) 


14 (0.10) 


Non-Hemorrhagic Stroke 


| 5 (0.07) 


6 (0.09) 


11 (0.08) 


Other Cardiovascular 


6 (0.09) 


5 (0.07) 


1 1 (0.08) 


Non-Cardiovascular Death 


55 (0.81) 


! 47 (0.69) 


102 (0.75) 


Accidental/Trauma 


4 (0.06) 


4 (0.06) 


8 (0.06) 


Nonintracranial Hemorrhage 


9 (0.13) 


1 (0.01) 


10 (0.07) 


Infection 


11 (0.16) 


10(0.15) 


21 (0.16) 


Malignancy 


21 (0.31) 


17 (0.25) . 


38 (0.28) 


Suicide 


3 (0.04) 


2 (0.03) 


5 (0.04) 


Other Non-Cardiovascular 


7(0.10) 


13 (0.19) 


20 (0.15) 



Abbreviations: ACS = acute coronary syndromes; CHF = coronaty heart failure; PCI = percutaneous coronary intervention; UA = unstable 



angina, 

a Vols percentage of randomized subjects. 

b Study period = from randomization through a subject's study termination or 464 days from randomization, whichever was earlier, 
c There are a total of 388 deaths during the study, with 3 deaths occurring outside the study period, which were listed in the row of 

"Deaths outside of study period." Therefore, "All total deaths" and "All Cause deaths" differ by 3 subjects. 
d Atherosclerotic vascular disease excludes deaths from coronary vascular disease. 

* Death is directly related to hemorrhagic or non-he morrhagic complications of revascularization (CABG or PCI), 

Fatal haemorrhages 

Overall, in the All ACS population fatal hemorrhagic events (including CABG-related and Non- 
CABG-related bleeding events) occurred in 24 subjects (0.36%) in the prasugrel treatment group and 6 
subjects (0.09%) in the clopidogrel treatment group. The majority (21/24 deaths in prasugrel patients, 
5/6 deaths in clopidogrel patients) were non CABG related TIM1 major bleedings during the at risk 
period. Non CABG-related spontaneous intracranial and gastrointestinal (GI) bleedings were 
predominant (prasugrel: spontaneous fatal bleedings in 16 patients, hereof 8 intracranial and 6 GI 
bleedings; clopidogrel: spontaneous fatal bleedings in 4 patients, 4 intracranial and 1 GI bleeding). 
Non-CABG related instrumented fatal bleedings were only seen in the prasugrel group (4 patients). 
The incidence of fatal bleedings was also statistically significant in the UA/NSTEMI prasugrel group. 
The same pattern was observed in the STEMI population but due to insufficient data the statistics 
could not be evaluated (prasugrel: 7 patients, 0.40%, clopidogrel 2 patients 0.12%). There were no 
fatal hemorrhagic events in the secondary and tertiary databases. 

SAEs 

Serious adverse events occurred in 24.70% of prasugrel and 24.26% of clopidogrel treated patients in 
the primary database. The incidence of non-hemorrhagic SAEs was similar in the prasugrel (22.48%) 
and the clopidogrel (22.80%) group. Most frequent were non-cardiac chest pain, coronary artery re- 
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stenosis, chest pain and angina pectoris. Three non-haemorrhagic SAEs that occurred differentially 
among treatment groups were the higher incidence in the prasugrel group of colon cancer, 
hypotension, and respiratory failure (which was finally related to the simultaneous occurrence of blood 
loss). The incidence of hemorrhagic SAEs in the All ACS population while at risk was statistically 
significantly higher in subjects treated with prasugrel when compared to subjects treated with 
clopidogrel. Likewise, in the UA/STEMI group the incidence of hemorrhagic SAEs with prasugrel 
was statistically significantly higher (prasugrel 6.08% vs clopidogrel 4.06%), In the STEMI population 
the incidence was numerically higher though, not statistically different (5.34% vs, 4.26%). Non- 
CABG related TIMI Major Bleedings (including life threatening and fatal bleedings), TIMI Major or 
Minor, and TIMI Major, Minor, or Minimal Bleedings were all significantly higher in the prasugrel 
treated subjects compared to the clopidogrel treated subjects in the All ACS population. 

Incidence of Bleeding Events — Clinical Events Committee Adjudicated - Primary Safety 
Database (Study TAAL) All ACS 
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Abbreviations: ACS = acute coronary syndromes; CABG = coronary artery bypass graft surgery; CI — confidence interval; HR - 
hazard ratio; ICH = intracranial hemorrhage; LV = intravenous; Min = minimal; N = number of subjects in the specified subgroup; 
n = number of subjects within the specified subgroup reaching the endpoint; NE = not evaluated due to insufficient sample size; 
N STEM I = non-ST-segment elevation myocardial infarction; STEMI - ST-segment elevation myocardial infarction; TIMI = 
Thrombolysis in Myocardial Infarction; UA = unstable angina, 

a Subjects experiencing multiple bleeding events may be included in more than one category, 
b HR and two-sided 95% CI derived using Cox proportional hazards model. 

c Two-sided log-rank p-value based on time to first event analysis compares the event free survival distributions for prasugrel and 
clopidogrel. Clinical presentation, UA/NSTEMI versus STEMI, was used as a stratification factor in analyses of All ACS subjects, 
d Bleeding requiring any transfusion (whole- or packed-blood). 

e Odds ratio is based on the frequency procedure. Two-sided p-values are based on Cocbran-Mantel-Haenszel general association test with 
clinical presentation as a blocking factor in All ACS. 

In the AH ACS population the significantly higher incidence of TIMI Major bleedings in subjects 
treated with prasugrel was related to higher rates of GI bleeding (prasugrel 0.93% vs. clopidogrel 
0.64%), surgical site bleeding (0.15% vs. 0.01%), and bleeding at other sites not pre-specified or 
unknown (0.13% vs. 0.01%). A higher incidence of retroperitoneal bleeding was also observed in 
subjects treated with prasugrel (0.21% vs. 0.12%). Intracranial hemorrhages and puncture site bleeding 
events were similar between treatment groups (0.28% vs. 0.25% and 0.42% vs. 0.45%, respectively). 

Non-CABG-related TIMI Major and TIMI Life-Threatening bleeding events through 3 days after the 
first dose of study : The incidence in the All ACS population was numerically higher in subjects treated 
with prasugrel compared to clopidogrel (prasugrel 0.74% vs, clopidogrel 0.61% for TIMI major and 
0.43% vs. 0.31% for Life threatening bleeding), primarily related to a numerically higher incidence of 
GI bleeding which was reflected by a higher incidence of spontaneous bleeding events. Likewise, in 
the UA/NSTEMI population, there were numerically more spontaneous and instrumented, bleeding 
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events in subjects treated with prasugrel compared to clopidogrel through 3 days. In the STEMI 
population there were no relevant differences between the 2 treatment groups. 

Non-CABG-related TIMI Major and TIM I Life-Threatening bleeding events beyond 3 days after the 
first dose of study: The incidence was statistically significantly higher in subjects in the All ACS 
population treated with prasugrel compared to clopidogrel (1.45% vs. 1,05% for TIMI major, 0.84% 
vs. 053% for TEMI life threatening bleeding), primarily driven by a numerically higher incidence of GI 
bleeding (0.78% vs 0.59%), surgical site bleeding (0.10% vs 0.02%), and bleeding at sites not pre- 
specified or unknown (0.10% vs 0%). A higher numerical incidence of retroperitoneal bleeding 
(0.09% vs 0.03%) and surgical site bleeding events (0.10% vs. 0.02%) was observed with prasugrel 
compared to clopidogrel, which resulted in a statistically significant higher incidence of spontaneous 
bleeding events (1.14% vs 0.78%) and a numerically higher incidence of instrumented bleeding events 
(0.19% vs 0.12%) with prasugrel compared to clopidogrel. For the subcategory of TIMI Life- 
Threatening bleeding, subjects treated with prasugrel had a statistically significant higher incidence of 
fatal bleeding (0.24% vs 0.06%) and a numerically significant higher incidence of bleeding requiring 
intravenous inotropic medication in addition to multiple transfusion units. A higher incidence in Non- 
CABG-related TIMI Life-Threatening bleeding events was observed in the UA/NSTEMI population, 
but not in the STEMI population. 

The time course of TIMI major bleeding events and its subgroup Life threatening bleedings is shown 
in the following figures. 
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Kaplan-Meier estimates of the incidence of Non-CABGr elated TIMI life-threatening bleeding 
events while at risk — CEC adjudicated for all treated All ACS subjects in primary safety 
database (TAAL). 
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The Kaplan Meier curves separated early for Non-CABG-related TIMI Major and TIMI Life- 
Threatening bleeding events while at risk, favouring clopidogreL Another separation is seen beyond 1 
year and potentially also at around 30 days. Multivariate analyses identified independent risk factors 
for increased occurrence of Non-CABG-related TIMI Major bleeding. These were prasugrel treatment, 
weight < 60 kg, age > 75 years, history of hypertension, history of prior TIA or stroke, and use of 
GPIIb/IIIa inhibitor (from symptom onset through 3 days after randomization). 

Further analyses which demonstrated that mainly patients at risk (patients with a prior history of 
TIA/stroke, patients with body weight < 60 kg and patients > 75 years of age) are responsible for the 
unfavourable safety profile of prasugrel, were provided during the evaluation. The figures below 
display the Kaplan Meier curves for Non-CABG related TIMI Major bleeding events in the "ideal 
population" (excluding subjects with a history of TIA or stroke, subjects >75 years of age taking a MD 
of 10 mg/day, or subjects <60 kg taking a MD of 10 mg/day) and in the non-ideal population (subjects 
with history of TIA or stroke, >75 years of age or weighing <60 kg). The difference between prasugrel 
and clopidogrel between 30 and 90 days, is explained by the higher bleeding risk in subjects in the 
non-ideal population. However, major bleedings also appear to accrue beyond 1 yean The CHMP 
therefore requested to limit the treatment duration with prasugrel to 12 months, consistent with the 
existing treatment duration recommendation for clopidogrel in this clinical setting. 



Kaplan-Meier estimates of the incidence of non-CABG-r elated TIMI Major bleeding events 
while at risk - CEC adjudicated treated ACS subjects in non-ideal population (left panel) and 
treated ACS subjects in ideal population (right panel). 
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Considering the ideal population only, the rate of Non-CABG-related TIMI Major and Life- 
Threatening bleeding in prasugrel treated subjects was numerically, but not statistically higher 
compared to clopidogrel-treated subjects. The number of fatal bleeding events beyond 3 days of 
treatment was 7 in prasugrel-treated subjects versus 2 in clopidogrel-treated subjects, as compared to 
21 versus 5 in the All ACS population for the entire treatment duration ("at risk period"). Three of the 
7 fatal bleeding events in prasugrel-treated subjects resulted from procedural complications, while 4 
were fatal ICH (1 traumatic). Both clopidogrel fatal events were spontaneous ICH. Consequently, the 
number of spontaneous fatal bleeding events beyond 3 days during MD was similar between treatment 
groups. During the first 3 days, CABG and non-CABG related fatal bleedings were as follows: one 
fatal bleeding occurred in the clopidogrel group and 6 fatal bleedings (3 each from UA/NSTEMI and 
STEMI) occurred in the prasugrel group. Four of these patients belonged to the ideal population, and 3 
of these had an instrumented or traumatic bleeding. Major bleeding may increase the short-term risk of 
ischemic events and the risk of death. This was evident in study TAAL. In addition, it was shown that 
for the All ACS population and both treatment groups together, there was no statistically significant 
difference between treatment groups for the risk of ischemic events (CV death, CV death/Ml, CV 
death/MI/stroke) beyond and within 30 days in patients having experienced no major bleed versus 
patients having experienced a major bleed, although the risk was numerically higher for those with 
major bleed. A comparison of all-cause deaths within and beyond 30 days by treatment group and 
clinical presentation (UA/NSTEMI, STEMI) shows that mortality within 30 days is roughly 
comparable for prasugrel and clopidogrel (for the STEMI population even numerically slightly more 
favourable for prasugrel) if patients did not have a TIMI major bleeding. However, all cause death in 
patients with a TEMI major bleeding and treated with prasugrel was higher when compared to patients 
treated with clopidogrel (all ACS population 15.6% vs. 10.9% (p=0.06), similarly in the UA/NSTEMI 
and STEMI subgroups). Analysis of the "ideal population" shows that all cause death is still 
numerically higher for prasugrel compared to clopidogrel but the difference is not statistically 
significant (all ACS population 9.4% vs 7.3%, p=0.52). These deaths are predominantly attributable to 
fatal bleedings and the increased bleeding risk with prasugrel is clearly stated in the SPC. Beyond 30 
days, mortality is comparable for prasugrel and for clopidogrel treated patients not having had a major 
bleed. For patients with major bleed, events are too few to draw firm conclusions. . 

• Laboratory findings 

The safety data suggests that prasugrel therapy is not associated with clinically significant 
thrombocytopenia, neutropenia, or leucopenia. The number of subjects with normal Hct, Hgb, or RBC 
at baseline, and abnormally low values at any time post-baseline, was statistically significantly higher 
in subjects treated with prasugrel compared to clopidogrel and probably reflects the higher incidence 
of bleeding events. Hepatotoxicity of prasugrel is not suggested by the laboratory data. 

• Safety in special populations 

Renal impairment: In total, 707 patients in the prasugrel group and 769 in the clopidogrel group had a 
creatinine clearance < 60 ml/min (measured by Cockroft-Gault formula). For both treatments 
(prasugrel vs clopidogrel) a higher incidence of TIMI major or minor bleeding events was observed in 
patients with creatinine clearance < 60 ml/min compared to patients with normal renal function 
(9,48% and 6.76%, p=0.052 vs 3.89% and 2.98%). The same tendency was observed for life 
threatening bleeding events (2.26% and 1.04%, p= 0.059 vs. 1.09% and 0.78%). Multivariate analysis 
did not identify renal impairment as expressed by creatinine clearance as a predictor of higher 
bleeding risk. More than half of patients with creatinine clearance <30ml/min were also very elderly 
patients. When analysing bleedings excluding these patients >75 years, the bleeding risk was still 
elevated but not significantly different between prasugrel and clopidogrel. 

Hepatic impairment: Active metabolite exposures in subjects with moderate hepatic impairment and in 
healthy subjects are comparable. Patients with severe hepatic impairment were excluded from TAAL 
and a contraindication for these patients is included in the SPC. There were only a limited number of 
patients with less severe forms of hepatic impairment included in TAAL. Although safety did not 
seem to be compromised in these patients, safety conclusions must be drawn cautiously. 

Age: In total, 901subjects in the prasugrel group and 908 subjects in the clopidogrel group were > 75 
years. In both treatment groups, twice as many subjects >75 years experienced Non-CABG-related 
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TIMI major or minor- (prasugrel 8.98%, clopidogrel 6.94%) as well as life-threatening bleeding events 
(prasugrel 2.58%, clopidogrel 1.57%) compared to patients below the age of 75 years. This was 
observed for both treatment groups. Furthermore, for prasugrel-treated patients >75 years 
(UA/NSTEMI as well as All ACS), twice as many experienced any stroke compared to clopidogrel 
treatment (2.89% vs 1.43%). A statistically significant difference was seen on the incidence of fatal 
bleeding in favour of clopidogrel. Use of prasugrel in this patient population is generally not 
recommended. If prescribed after a careful individual risk/benefit evaluation, a lower MD of prasugrel 
5 mg should be used (please refer to section on Clinical efficacy). Further information on the 5-mg 
dose in this population will be obtained from future or ongoing clinical studies. 

Prior Transient Ischemic Attack or Stroke; In total, 262 subjects of 6484 in the prasugrel group and 
256 subjects of 6464 in the clopidogrel group had a prior history of TIA or stroke. Subjects with a 
history of prior TIA or stroke and treated with prasugrel had a statistically significant higher incidence 
of nonfatal stroke (15/262 (5,73%) vs. 2/256 (0,78%), p<0.001) and all stroke (both, fatal and nonfatal, 
hemorrhagic or non-hemorrhagic) (17/262 (6.49%) vs. 3/256 (1,17%), p<0,001), when compared to 
clopidogrel, A similar, statistically significant pattern was observed in the UA/NSTEMI population, 
whereas the number of stroke events in the STEMI population with prior history of TI A/stroke was too 
low to allow any reliable conclusions. In addition, a history of prior TIA/stroke in the all ACS 
population was associated with a higher risk of Non-CABG-related TIMI Major or Minor bleeding 
events (Prasugrel: 20/257 (7.78%) vs. clopidogrel: 10/252 (3,97%), p=0,054) and of Non-CABG- 
related TIMI Major Life-Threatening bleeding events (11/257 (4,28%) vs, 3/252 (1.19%), p=0.026, 
including fatal bleeding and symptomatic ICH) with prasugrel therapy. Regarding the fatal ICH, 2 out 
of 9 patients in the prasugrel group had a prior history of TIA/stroke vs 0 out of 5 patients in the 
clopidogrel group. The higher bleeding risk in patients with prior TIA or stroke was not associated 
with higher exposure during MD. Thus, patients with a prior history of TIA or stroke are 
contraindicated for prasugrel. 

Low body weight: The risk of Non-CABG-related TIMI Major or Minor bleeding events for patients 
weighing below 60 kg was greater for prasugrel treated patients compared to clopidogrel treated, 
though not significantly different. However, the number of patients weighing less than 60 kg was very 
low (664 subjects in total in both treatment groups). PK data has shown that the active metabolite 
exposure increases as body weight decreases (see section on clinical pharmacology), A lower 
prasugrel 5 mg MD for this subgroup could be used. A PK/PD study to investigate the 5 mg dose in 
this patient population will be conducted as part of the FUMs. 

Ethnicity; Prasugrel active metabolite exposure in Asian subjects was 43% higher after a 60-mg 
prasugrel LD and 40% higher during 10-mg prasugrel MD compared to Caucasian subjects, Based on 
point estimates for comparisons between Asians and Caucasians, body weight accounted for about 
one-third of the exposure difference between the two ethnic groups. There were so few Non-CABG- 
related Major or Minor bleeding events in the non-Caucasian populations that a meaningful 
comparison could not be done. A new PK/PG study in approximately 715 Asian ACS subjects in order 
to clarify which could be the optimal dose for this population will be conducted. Until this data 
become available a cautious approach is appropriate by including a warning in the SPC. 

• Safety related to drug-drug interactions and other interactions 

Specific in vivo drug-interaction studies were conducted with prasugrel and aspirin, ketoconazole (a 
potent CYP3A inhibitor), rifampicin (a potent inducer of CYP3A and CYP2B6 and an inducer of 
CYPs 2C9, 2C19, and 2C8), atorvastatin (a statin metabolized by CYP3A), warfarin (an anti- 
coagulant metabolized by CYPs 2C9 and 2C19), heparin, bupropion (a CYP2B6 substrate), and 
digoxin (a P-glycoprotein [P-gp] substrate). The effect of smoking and alcohol consumption were also 
evaluated across clinical pharmacology studies. Overall, these analyses detected no clinically relevant 
drug interactions. 

Proton pump inhibitors may slow the rate, but not the extent, of appearance of prasugrePs active 
metabolite in plasma, Prasugrel can be co-administered with a proton pump inhibitor (PPI) or a H2- 
receptor antagonist. However, the SPC was revised to state that administration of the loading dose 
without co-administration with PPI may provide most rapid onset of action. 
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• Discontinuation due to adverse events 

In the All ACS populations, overall incidence of study drug discontinuation due to treatment-emergent 
adverse events (TEAEs) was higher in subjects treated with prasugrel (462/6741 (7. 1 5%)) compared to 
clopidogrel (390/6716 (6.02%)). The rate of discontinuation of study drug due to an AE was similar 
between treatment groups through 90 days, at which time the Kaplan-Meier curves diverge in favour 
of clopidogrel. The higher incidence of study drug discontinuation with prasugrel due to AE was 
primarily due to the higher incidence of hemorrhagic events (with GI hemorrhage (33/3741 (0.49%) 
vs. 21/6716 (0,32%)) and epistaxis (0.31% vs. 0,12%) being the most common). Atrial fibrillation 
(20/6741 (0,3 1%) vs. 33/6716 (0,5 1)) and rash (0.28% vs. 0.42%) were the non-hemorrhagic events 
leading to the highest incidence of permanent study drug discontinuation, but the rate between the 2 
treatment groups was similar. In the secondary database there were no observed treatment differences 
between prasugrel and clopidogrel in the incidence of S AEs and non-serious TEAEs leading to 
premature discontinuation of study drug. 

• Post marketing experience 

There is currently no post-marketing experience with the use of this product. 

• Discussion on clinical safety 

The key safety findings associated with prasugrel treatment were a statistically higher incidence of 
hemorrhagic AEs. Adjudicated non-CABG-related TIMI Major Bleeding, TIMI Major or Minor 
Bleeding and TIMI Major, Minor, or Minimal Bleeding were statistically significantly increased in the 
prasugrel group compared to the clopidogrel group as well as fatal hemorrhagic AEs which were also 
higher in the prasugrel group. The Kaplan-Meier curves separated early for Non-CABG-related TIMI 
Major and TIMI Life-Threatening bleeding events while at risk, favouring clopidogrel. It seems that 
the curves remained parallel between 90 and 360 days. However, between 30 and 90 days as well as 
beyond 360 days, events continued to increase in subjects treated with prasugrel while a diminished 
accrual rate was seen in subjects treated with clopidogrel. Patients for whom a 10 mg maintenance 
dose is not recommended (those with a history of TIA or stroke - contraindication- , subjects >75 
years of age taking a MD of 10 mg/day, or subjects <60 kg taking a MD of 10 mg/day) are responsible 
for the accrual between 30 and 90 days. The apparent accrual beyond 350 days cannot be explained. 
At the same time, the clinical benefit of prasugrel beyond 12 months seems not sufficiently supported 
by clinical data, this is why the CHMP has recommended that dual antiplatelet therapy with prasugrel 
should be restricted to 12 months treatment duration, in line with current clinical recommendations for 
dual antiplatelet therapy. This was also accepted by the Scientific Advisory Group of the CHMP. 

The observation that fatal bleedings were higher in the prasugrel group compared to the clopidogrel 
group was of concern. However, the number of the spontaneous fatal bleeding events was similar 
between treatment groups, especially considering the ideal population for whom the prasugrel 10-mg 
MD would be recommended (subjects without a history of TIA or stroke, subjects >75 years of age, or 
subjects <60 kg). The rate of Non-CABG-related TIMI Major or Minor bleeding events in the ideal 
population was not statistically different between treatment groups but numerically higher for 
prasugrel. Though numbers of patients undergoing CABG were small, the risk of CABG related TIMI 
Major or Minor Bleeding was approximately tripled in the prasugrel arm, in particular in patients 
undergoing CABG within 7 days of the last dose of study drug. Bleeding events were also the primary 
reason for treatment discontinuations. 

Subgroups associated with a statistically significant increase in Non-CABG-related TIMI Major 
bleeding were: >75 years old, body weight <60 kg, and history of prior TIA or stroke. The lastly 
mentioned patients have been contraindicated. For patients < 60 kg the events were associated with 
higher exposure of the active metabolite, supporting the proposed prasugrel 5-mg MD in this 
subgroup. For patients > 75 years the events were partly associated with increased exposure to the 
active metabolite along with a greater susceptibility to bleeding. A dose adjustment strategy was 
justified by further analyses and planned future clinical studies for both the low weight patients and 
the very elderly. The use of prasugrel in patients > 75 years of age is generally not recommended. If, 
after a careful individual benefit/risk evaluation by the prescribing physician, treatment is deemed 
necessary in the > 75 years age subgroup then following a 60 mg loading dose, a reduced prasugrel 
5 mg MD should be prescribed. 
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The evidence for the 5 mg MD is based only on PK/PD analyses and no clinical data currently exist on 
the safety of this dose in the > 75 years age group. 

2,5 Pharmacovigilance 

Detailed description of the Pharmacovigilance system 

The CHMP considered that the Pharmacovigilance system as described by the applicant fulfils the 
legislative requirements. 
Risk Management Plan 

The MAA submitted a risk management plan, which included a risk minimisation plan. 
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Table Summary of the risk management plan 



Safety concern 


Proposed pharmacovigilance 
activities 


Proposed risk minimisation activities 








Identified Risks 






I. Haemorahage: 

(Intracranial 

haemorrhage, 

Gastrointestinal 

haemorrhage, 

Intraocular 

haemorrhage 

Percutaneous 

Coronary 

Intervention-Related 
Haemorrhage, 
Coronary Artery 
Bypass Graft-Related 
Haemorrhage 
Other Procedure- 
Related 
Haemorrhage, 
Epistaxis) 


• Routine pharmacovigilance : 
monitor AEs and SAEs through 
routine clinical trial and 
spontaneous post-marketing 
surveillance. 

• Targeted surveillance for specific 
AEs preidentified for targeted 
follow-up. 

• In-hospital registry to monitor 
prasugrel use and bleeding risk 
during the index hospitalisation 
compared to clopidogrel in a real 
life EU clinical setting. 


• Contraindication for patients with history of 
stroke or transient ischaemic attack (TIA) and 
for patients with active pathological bleeding 
in Section 4,3 ofSPC. 

• Section 4.2: dose adjustment for patients with 
risk factors for increased risk of bleeding: 
patients > 75 years of age and patients <60 kg, 

• Wording in sections 4,2 and 4.4 of the SPC 
regarding the restricted use of EFIENT in 
patients > 75 years of age, and maintenance 
dose reduction in these patients. 

• Caution for patients with a propensity to 
bleed, and with risk factors for an increased 
risk of bleeding (section 4,4) 

• Caution with concomitant administration of 
medicinal products that may increase the risk 
of bleeding (section 4.4) 

• Further recommendations to minimise the risk 
of haemorrhage, including CABG-related 
haemorrhage, are given in Section 4,4 
(Surgery) and Section 4.8 of the SPC. Section 
4.4 of the SPC recommends discontinuation 
of EFIENT at least 7 days prior to surgery. 

• Pnictnvic ic Hct^H ac A TIT? in Tnhl^ ^^rtirin 

4,8 of SPC, 

• Additional risk minimisation for patients > 75 
years of age will be provided by health care 
professional education to ensure that the 
information and recommendations in the SPC are 
adequately communicated. The MAH commits to 
work with scientific societies to develop 
educational vehicles for this purpose. 


2. Anaemia 


• Routine pharmacovigilance : 
monitor AEs and SAEs through 
routine clinical trial and 
spontaneous post-marketing 
surveillance. 

• Targeted surveillance for specific 
AEs preidentified for targeted 
follow-up. 


• Listed as ADR in Table 2, Section 4.8 of SPC. 
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Safety concern 


Proposed pharmacovigilance 
activities 


Proposed risk minimisation activities 








Potential Risks 






Risks associated with 
off-label use 


• Routine pharmacovigilance- 
monitor AEs and SAEs through 
routine clinical trial and 
spontaneous post-marketing 
surveillance. 

• Targeted surveillance for 
specific AEs preidentified for 
targeted follow-up. 

• In -hospital registry to monitor 
prasugrel use and bleeding risk 
during the index hospitalisation 
compared to clopidogrel in a 
real life EU clinical setting. 

• Off-Label Use in Patients Post- 
Discharge: To monitor the off- 
label use post-discharge in 
patients treated with prasugrel. 
The databases will capture data 
pertaining to drug utilisation to 
monitor in what patients 
prasugrel is used, and at what 
doses. 


• Not in proposed SPC as not confirmed signal. 


Phototoxicity (Skin 
or Ocular) 


As bullet 1 above. 


• Not in proposed SPC as not confirmed signal. 


Drug-Induced 
Hepatic Injury 


As bullets 1 and 2 above. 


• Not in proposed SPC as not confirmed signal 


Allergic Reactions 


As bullets 1 and 2 above. | • Not in proposed SPC as not confirmed signal. 


Thrombocytopenia 


As bullets 1 and 2 above. 


• Not in proposed SPC as not confirmed signal. 


Neutropenia 


As bullets 1 and 2 above. 


* Not in proposed SPC as not confirmed signal. 


Thrombotic 

Thrombocytopenic 

Purpura 


As bullets 1 and 2 above. 


• Warning in Section 4.4 of the SPC includes a 
description of this serious event 
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Safety 
concern 


Proposed pharmaco vigilance 
activities 


Proposed risk minimisation activities 








Missing 
Information 






Concomitant use with 
fibrinolytics, 
clopidogrel, and 
chronic use of 
NSAIDs(non ASA). 


• Continue to analyse AE 
reports in clinical trials 

• Periodically review and 
analyse safety database 

• Any spontaneously reported 
case associated with an 
exposure condition (EC) is 
managed according to 
internal procedures for 
clarification. 

• Safety surveillance intends to 
identify signals associated with 
the ACS subpopulations and use 
of drugs associated with an 
increased risk of bleeding. 
Concomitant drug use will also 
be monitored in the in-hospital 
registry. 


• Sections 4.4 and 4.5 of the SPC contain language 
cautioning against concomitant use with these 
drugs. 


Paediatric population 


• Continue to analyse 
paediatric data from clinical 
trials 

• Periodically review and analyse 
safety database for any potential 
post-marketing use in the 
paediatric or adolescent 
population. 


• Section 4.2 of SPC states that EFIENT is not 
recommenaea ior use in cmiaren anu duuicbteiiib 
due to a lack of data on safety and efficacy. 


Pregnant/Lactating 
women 


• Continue to analyse AE 
reports in clinical trials 

• Periodically review and 
analyse safety database for 
any potential post-marketing 
use in pregnant or lactating 
women 

• Routine pharmacovigilance, 
targeted surveillance with 
specific fol Low-up form for 
pregnancy and lactation, safety 
surveillance for safety signal 
detection associated with these 

p vpntc PViJirmnmvi {rilanff* 
vVtllla. x J.la.1 UidL-u Vigilante, 

targeted surveillance with 
specific follow-up form for 
exposure condition, safety 
surveillance for safety signal 
detection associated with the 
exposure condition. 


• Section 4.6 of SPC recommends a risk/benefit 
evaluation approach with regard to pregnancy, and 
does not recommend use of EFIENT during 
breastfeeding. 
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Summary of the Risk Management Plan for EFIENT (prasugrel) - concluded 



Safety concern 


Proposed pharmacovigilance 
activities 


Proposed risk minimisation activities 








Missing 

Information 

(cont.) 






Subjects without 
clinical manifestation 
of ACS or with ACS 
not managed by PCI 
(requiring immediate 
CABG or suitable for 
medical management 
only) 


• Continue to analyse AE 
reports in clinical trials 

• Periodically review and 
analyse safety database for 
any spontaneously reported 
case associated with these 
situations 

• CAD subjects with no 
symptom of ACS may be 
detected by routine 
pharmacovigilance activities. 

• Medically-managed ACS 
subjects not planned to be 
managed by PCI will be studied 
in Study TABY. 


• Indication statement in Section 4. 1 of the SPC 
includes definition of the targeted population for 
EFIENT, i.e. ACS undergoing PCI. 


Subjects with 
severely 

compromised cardiac 
status (cardiogenic 
shock, Class IV 
CHF, refractory 
ventricular 
arrhythmia) 


* Routine pharmacovigilance, 
safety surveillance for safety 
signal detection associated to 
prasugrel use in this specific 
subpopulation. 


• Indication statement in Section 4. 1 of the SPC 
describes the tareet patient population as follows: 
o patients with acute coronary syndrome 
(i.e. unstable angina, non-ST segment 
elevation myocardial infarction 
[UA/NSTEMI] or ST segment elevation 
myocardial infarction [STEMI]) 
undergoing primary or delayed 
percutaneous coronary intervention (PCI). 


Subjects with severe 
hepatic impairment. 


• Continue to analyse AE 
reports in clinical trials 

• Periodically review and 
analyse safety database for 
any spontaneously reported 
case associated with severe 
hepatic impairment 

• In -hospital registry will allow 
for identification of subjects with 
possible liver damage. 


• Contraindication for patients with "severe hepatic 
impairment (Child Pugh Class C)" in Section 4.3 
of the SPC. 



The CHMP, having considered the data submitted in the MA application is of the opinion that the 
following risk minimisation activities are necessary for the safe and effective use of the medicinal 
product: 

The MAH should provide educational material to all physicians who may be involved in treating 
patients with prasugrel. The format and means of dissemination, of this material should be discussed 
with the appropriate learned societies. The results of the discussion, and where appropriate the 
material, should be agreed with the national competent authority and be available prior to launch in 
each member state. 

The educational material should include: 

• A copy of the SPC 

• Emphasis that: 
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o Severe haemorrhagic events are more frequent in patients > 75 years of age (including 

fatal events) or those weighing < 60 kg 
o Treatment with prasugrel is generally not recommended for patients of > 75 years of 

age, 

o If, after a careful individual benefit/risk evaluation by the prescribing physician, 
treatment is deemed necessary in the > 75 years age group then following a loading 
dose of 60 mg, a reduced maintenance dose of 5mg should be prescribed. 

o Patients weighing < 60 kg should have a reduced maintenance dose of 5mg 
The evidence for a 5mg dose is based only on PK/PD analyses and no clinical 
data currently exist on the safety of this dose in the at risk sub groups. 

2,6 Overall conclusions, risk/benefit assessment and recommendation 

Quality 

The quality of the product is considered to be acceptable when used in accordance with the conditions 
defined in the SPC. Physicochemical and biological aspects relevant to the uniform clinical 
performance of the product have been investigated and are controlled in a satisfactory way. There are 
a number of quality issues that will be resolved as Follow-up Measures within an agreed timeframe. 
None of these issues is expected to have a negative impact on the Benefit Risk balance of the product. 

Non-clinical pharmacology and toxicology 

The non clinical pharmacological programme provided an adequate characterisation of the 
pharmacological properties of prasugrel. In ex vivo studies with rats, dogs, and cynomolgus monkeys, 
prasugrel demonstrated dose-dependent inhibition of ADP-induced platelet aggregation. The in vivo 
effects of prasugrel were assessed in nonclinical pathophysiological models of thrombotic challenge. 
Administration of prasugrel at clinical doses is not expected to produce secondary pharmacology 
effects related to CNS, cardiovascular, respiratory, renal, or GI function or to have an affect on QT 
interval Additive or synergistic platelet inhibitory effects of the co-administration of prasugrel with 
aspirin have also been demonstrated. The active metabolite of prasugrel R- 13 8727 is chiral; with two 
most potent enantiomers of R-138727 comprise approximately 84% of the metabolite in human 
plasma. The overall metabolism of prasugrel was thoroughly investigated. 

The primary effects of prasugrel observed during repeat-dose toxicology studies included decreased 
body weight relative to control in rodents that was occasionally accompanied by decreased food 
consumption, and increased liver weight and histologic changes in the liver considered to be related to 
microsomal enzyme induction. Prasugrel did not exhibit genotoxic properties when tested in vitro nor 
in vivo. The increase in liver tumours observed in mice dosed with prasugrel is not considered a 
relevant human risk, and this is adequately reflected in the proposed prescribing information. 
Prasugrel did not exhibit toxicity towards fertility and early embryonic development and did not show 
embryo-foetal toxicity. The SPC obtains adequate statements. 

Non-clinical and clinical data indicate that evidence of the phototoxic potential of prasugrel is weak 
and of questionable clinical relevance. Nevertheless, phototoxicity was included as a potential risk in 
the RMR 

A complete environmental risk assessment has been conducted for prasugrel. No likely risk has been 
identified for aquatic organisms in either ground water or surface water, or for sediment dwelling 
organisms. 

Efficacy 

A single pivotal superiority trial supports the use of prasugrel (60 mg LD and 10 mg MD) in patients 
with ACS with scheduled PCI. This study demonstrated that treatment with prasugrel, as compared 
with clopidogrel at the standard approved dose resulted in a statistically significant reduction in the 
rate of the primary composite efficacy endpoint of cardiovascular death, nonfatal MI, or nonfatal 
stroke. The reduction of the incidence of primary composite endpoint was primarily driven by a 
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reduction in the number of cardiac ischemic events, in particular nonfatal ML These events are not 
considered to be harmless periprocedural increases in biochemical markers after index PCI alone. 
Prasugrel treatment might initially protect against smaller myocardial infarctions related to index PCI, 
however, the absolute reduction of nonfatal myocardial infarction in the all ACS population continued 
to increase throughout the study period. The absolute percentage reductions were 0.94, 1.57, 1.65, and 
2.15 at 3 days, 30 days, 90 days, and at study end, respectively. When similar analyses are done 
separately in UA/NSTEMI and STEMI populations, continued increases in the absolute reduction of 
nonfatal myocardial infarction were also observed. This data suggests that prasugrel treatment protects 
against short-term as well as long-term cardiac ischemic events. A relative risk reduction of about 20% 
was observed in UA/NSTEMI, STEMI, and all ACS populations. The approximate 2% absolute risk 
reduction observed in these populations is considered clinically meaningful. 

Data from subgroup analyses suggest that patients with a history of diabetes mellitus could benefit 
from prasugrel treatment. In response to a question on this topic from the CHMP, a general discussion 
of platelet reactivity and ischemic risk in diabetic patients in the setting of ACS preceded a 
presentation of clinical outcomes in subjects with diabetes mellitus in study TAAL. Diabetic subjects, 
not on insulin, had higher relative and absolute risk reduction if randomized to prasugrel, compared to 
non-diabetic patients randomized to prasugrel. Even higher risk reductions were observed in diabetic 
patients on insulin, with the absolute risk reduction (primary efficacy endpoint) with prasugrel vs 
clopidogrel being 6.4%. The relative risk reduction was 37% in this sub-population. Qualitatively 
similar effects of diabetic status were observed for a number of other efficacy endpoints. Diabetic 
status seems to affect efficacy and safety differentially, favouring prasugrel treatment in diabetic 
subjects in particular. It is also acknowledged that consistency of the efficacy benefit across pre- 
specified primary and secondary endpoints supports the notion that the treatment benefit in diabetic 
subjects is not a chance finding. However, in contrast the clinical data indicate that patients with a 
history of prior TIA or stroke are harmed by treatment with prasugrel when compared to treatment 
with clopidogrel. This effect on the primary efficacy endpoint seems to be driven primarily by an 
increase in new strokes. For this reason, a history of prior stroke or TIA is now listed under 
contraindications in the SPC. 

In the < 60 kg group, a reduced maintenance dose of 5 mg following a 60 mg loading dose should be 
prescribed. If treatment is deemed necessary in the > 75 years age group, a reduced maintenance dose 
of 5 mg following a 60 mg loading dose should be prescribed after a careful individual benefit/risk 
evaluation by the prescribing physician. There are no adequate clinical data to support this 
recommendation; thus, the positive clinical outcome of this reduced maintenance dose remains to be 
seen. Further clinical studies to address this issue will be conducted. 

Safety 

The safety of prasugrel was comparable to clopidogrel with respect to the incidence of AEs, SAEs and 
deaths, as well as pre-specified, non-hemorrhagic, clinically relevant TEAEs and laboratory values 
(thrombocytopenia, neutropenia, leucopenia, allergic reactions, including angioedema, abnormal 
hepatic function, and torsades de pointes/QT prolongation). The overall incidence of study drug 
discontinuation was higher in the prasugrel group compared to clopidogrel (approximately 1% greater) 
primarily due to a higher incidence of hemorrhagic AEs. 

Adverse events related to haemorrhage occurred with a statistically significantly higher incidence in 
the prasugrel treated patients compared to clopidogrel and this was consistent in the majority of 
subgroups of bleeding events. 

Recent clinical studies of anti-thrombotic agents have suggested that major bleeding events may 
predict an increased risk of CV or non-CV death in the early weeks following the bleeding event and 
the administration of blood units are called to play a special role on this. This increased risk is also 
evident in study TAAL. Additionally in this regard, there is ongoing controversy about the efficacy 
and safety of blood transfusions in the ACS context. To the extent that current recommendations 
indicate that in mild to moderate anaemia (Hct >25% and Hb >8 g/dl) blood transfusions may be 
related with an increase risk of death at 30 days and should be avoided if haemodynamically well 
tolerated. As mentioned earlier, in a post hoc analysis in Study TAAL assessment of long-term 



55/59 



©EMEA 2009 



outcomes for subjects experiencing a Non-CABG-related TIMI Major bleeding event indicated that, 
after 30 days from the event, the risk for major adverse CV events was not higher than that observed in 
subjects not experiencing the bleeding event. Beyond 30 days, mortality was comparable in those 
patients who did not have a major bleeding and those who had a major bleeding. Likewise, within 30 
days, mortality was comparable for prasugrel and clopidogrel treated patients who did not experience 
a major bleeding. However, after a TIMI major bleeding, mortality (within 30 days) was significantly 
higher for prasugrel treated patients compared to clopidogrel treated patients for the All ACS 
population and its clinical presentations UA/NSTEMI and STEMI. When considering only the so- 
called ideal population (patients without a history of TIA or stroke, subjects >75 years of age, or 
subjects <60 kg), all cause mortality is still numerically higher after TIMI major bleeding in prasugrel 
compared to clopidogrel but the difference was not statistically significant. The deaths were 
predominantly attributable to fatal bleedings. 

Apart from the direct haemodynamic consequences of the bleeding episode, which is also associated 
with the risk of ischemic events occurring in relation to bleeding induced hypotension or transfusions, 
an important component of the risk is the potential need to interrupt the antiplatelet and antithrombotic 
drugs which can lead to an increase of ischemic events. In clinical practice the risk of interrupting 
antithrombotic and antiplatelet treatments must be weighed against the risk of a thrombotic event, 
particularly if the patient has been submitted to revascularization and stent implantation. The SPC 
states that premature discontinuation of any antiplatelet agent could result in increased risk of 
ischaemic events. Further, the SPC includes a warning that in patients with active bleeding in whom 
reversal of pharmacological effects of prasugrel is required, platelet transfusion may be appropriate. 

Colon cancer occurred with a higher incidence in patients treated with prasugrel, but this was assumed 
to be the consequence of a higher rate of detection rate due to bleeding associated with this therapy. 

From the safety database all the adverse reactions reported in clinical trials have been included in the 
Summary of Product Characteristics, 

Having considered the safety concerns in the risk management plan, the CHMP considered that the 
proposed activities described in section 2,5 adequately addressed these concerns 

• User consultation 

User testing of the package leaflet was performed using methodology, which methodology follows the 
readability guideline. No revisions of the PL were made between test rounds. In conclusion, the user 
testing of this PL version is judged acceptable. 

Risk-benefit assessment 

Superiority of prasugrel over clopidogrel was shown in the clinical setting when the primary 
composite efficacy endpoint - CV death, nonfatal MI, or nonfatal stroke at a median follow-up of 14.5 
months - is considered* and was primarily driven by a reduction in Mis. Peri-procedural as well as 
spontaneous Mis were decreased with prasugrel. 

The treatment benefit associated with prasugrel was generally preserved across the major pre-specified 
subgroups. The reduction in ischemic events with prasugrel was evident regardless of the adjunctive 
therapy or stent type selected during PCI. Clinical data suggest that patients with a history of diabetes 
could benefit in particular from treatment with prasugrel. Vice versa, although not reaching statistical 
significance, the data also suggest that subjects with a history of prior TIA or stroke are harmed by 
treatment with prasugrel compared to treatment with clopidogrel. This patient subgroup is 
contraindicated. 

Key safety issues were primarily related to the risk of bleeding. A statistically higher incidence of 
hemorrhagic AEs was observed for prasugrel vs clopidogrel. These were related to higher rates of GI 
bleeding, surgical site bleeding, bleeding at other sites not pre-specified or unknown and 
retroperitoneal bleeding. Fatal hemorrhagic AEs were higher in the prasugrel group. The finding of 
significantly increased hemorrhagic events in the prasugrel studies was in general seen for the All- 
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ACS population and the UA/NSTEMI population. In the STEMI subgroup incidences of the different 
hemorrhagic events were in general numerically higher in the prasugrel group compared to the 
clopidogrel group, however, the differences were in most cases not statistically significant. Subgroups 
vulnerable to bleeding were patients >75 years old, patients with body weight <60 kg, and patients 
with a history of prior TIA or stroke. Further analyses indicated that increased mortality after TEVQ 
major bleedings with prasugrel within the first month of treatment appeared to be related mainly to 
fatal bleedings. The higher bleeding risk associated with the use of prasugrel is appropriately 
described in the SPC and guidance has been given to minimise the use of prasugrel in populations at 
higher risk of bleeding. 

It should also be remembered that safety in a real clinical setting tends to be worse than observed 
under controlled conditions. Attention should therefore be paid to the possible risk of ischemic events 
which may occur in relation to major bleeding events, e,g, by discontinuation of antiplatelet therapy, 
bleeding induced hypotension, or transfusions. 

For patients > 75 years, treatment is generally not recommended. For selected subgroup of patients 
>75 years for whom prasugrel treatment is deemed necessary, a reduced maintenance dose of 5 mg 
should be prescribed. Patients < 60 kg should receive a reduced maintenance dose of 5 mg. The main 
limitation of this recommendation for a prasugrel dose adjustment is the current lack of clinical data 
supporting the safety and efficacy for the treatment of these subgroups with a reduced maintenance 
dose of 5 mg. Additional clinical studies to assess the 5 mg dose in the relevant at risk populations are 
necessary and are planned, as discussed earlier. 

In summary, the following table describes Number Needed to Treat (NNT) and Number Needed to 
Harm (NNH) for different subgroups. 

NNT (Primary Efficacy Outcome) and NNH (TIMI Major bleedings) - Study TAAL; All 
randomized Subjects 
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39 
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1 CV death, non-fatal MI, or non-fatal stroke 

2 that is, population for whom a 10 mg MD is recommended 



Sufficient evidence has been provided that the timing of clopidogrel LD, which is recommended to be 
given immediately, and not, as in study TAAL after diagnostic angiography, did not substantially 
influence the efficacy of prasugrel vs clopidogreL 

A risk management plan was submitted. The CHMP, having considered the data submitted, was of the 
opinion that: 

■ pharmaco vigilance activities in addition to the use of routine pharmaco vigilance were needed to 
investigate further some of the safety concerns. 

■ the following additional risk minimisation activities were required: 

The MAH should provide educational material to all physicians who may be involved in treating 
patients with prasugreL The format and means of dissemination, of this material should be discussed 
with the appropriate learned societies. The results of the discussion, and where appropriate the 
material, should be agreed with the national competent authority and be available prior to launch in 
each member state. 

The educational material should include: 

• A copy of the SPC 

• Emphasis that: 

o Severe haemorrhagic events are more frequent in patients > 75 years of age (including 

fatal events) or those weighing < 60 kg 
o Treatment with prasugrel is generally not recommended for patients of > 75 years of 

age. 
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o If, after a careful individual benefit/risk evaluation by the prescribing physician, 
treatment is deemed necessary in the > 75 years age group then following a loading 
dose of 60 mg, a reduced maintenance dose of 5mg should be prescribed. 

o Patients weighing < 60 kg should have a reduced maintenance dose of 5mg 
The evidence for a 5mg dose is based only on PK/PD analyses and no clinical 
data currently exist on the safety of this dose in the at risk sub groups. 

Recommendation 

Based on the CHMP review of data on quality, safety and efficacy, the CHMP considered by 
consensus decision that the risk-benefit balance of Efient "co-administered with acetylsalicylic acid 
(ASA), for the prevention of atherothrombotic events in patients with acute coronary syndrome (i.e. 
unstable angina, non-ST segment elevation myocardial infarction [UA/NSTEMI] or ST segment 
elevation myocardial infarction [STEMI]) undergoing primary or delayed percutaneous coronary 
intervention (PCI)" was favourable and therefore recommended the granting of the marketing 
authorisation. 
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New Drugs and Technologies 



Prasugrel 

Stephen D. Wiviott, MD; Elliott M. Antman, MD; Eugene Braunwald, MD 



Platelet adhesion, activation, and aggregation play key 
roles in both normal hemostasis and pathological throm- 
bosis. In the latter, these factors are paramount in the 
initiation of the intracoronary thromboses that cause acute 
coronary syndromes (ACS) and the ischemic complications 
following coronary artery interventions, including recurrent 
myocardial infarction (MI) and stent thrombosis. 1 The inter- 
action of ADP with purenergic P2Yi and P2Y 12 receptors 
serves to amplify and sustain platelet activation. 2 Activated 
platelets expose glycoprotein Ilb/IIIa receptors, which 
crosslink with fibrin to form platelet aggregates. These 
aggregates cause mechanical disruption of flow and may 
embolize downstream, causing microvasculature obstruction 
that results in myocardial ischemia and infarction. 

The important role of antiplatelet agents in the manage- 
ment and prevention of the complications after ACS and 
percutaneous coronary intervention (PCI) is related directly 
to the physiological events noted above. 3 - 7 Thienopyridine 
antiplatelet agents interfere with platelet activation and ag- 
gregation induced by ADP. There are 3 members of the 
thienopyridine class of antiplatelet agents currently available 
for clinical use: ticlopidine, clopidogrel, and the subject of 
this review, prasugrel. All 3 agents are prodrugs and require 
conversion to an active metabolite to exhibit an antiplatelet 
effect (Figure 1). The active metabolite of the thienopyridine 
binds irreversibly to the P2Y 12 receptor, blocking the binding 
of ADP and thereby inhibiting platelet activation and aggre- 
gation 8 and leading to the clinical benefits and risks of these 
agents. The benefits of ticlopidine were shown in a series of 
trials comparing dual antiplatelet therapy with aspirin plus an 
oral anticoagulant.* 10 Ticlopidine is limited by the need to 
take the drug twice daily, by poor tolerability, notably 
gastrointestinal distress, but most important by severe side 
effects, including bone marrow aplasia. 11 Clopidogrel plus 
aspirin dual antiplatelet therapy has become the standard of 
care for the support of patients undergoing PCI with stenting 
largely on the basis of a better tolerability profile. 12 - 13 Clinical 
trials established the benefits of clopidogrel across the spec- 
trum of ACS, including unstable angina (UA), non-ST- 
elevation MI (NSTEMI), and ST-elevation MI (STEMI). 14 " lfi 
American College of Cardiology/American Heart Associa- 
tion guidelines recommend dual antiplatelet therapy with 
aspirin and clopidogrel in patients with ACS for up to 1 year 



regardless of syndrome type or treatment strategy (medical, 
PCI, or surgery). 6 

Pharmacological Limitations of Clopidogrel 

Despite the major benefits of clopidogrel alone and in 
combination with aspirin for patients with ACS and for those 
undergoing PCI, important pharmacological limitations are 
associated with its use. 17 The antiplatelet effects of clopi- 
dogrel have a delayed onset (several hours after ingestion), 
and there is substantial variability in response among patients. 
A growing number of studies have linked poor antiplatelet 
response to clopidogrel to adverse clinical outcomes, partic- 
ularly coronary ischemia and stent thrombosis. 18 " 21 From 
these limitations, the evaluation of more intensive and con- 
sistent antiplatelet therapy compared with clopidogrel has 
been fostered. One such agent, prasugrel, a third-generation 
thienopyridine, is the focus of this review. 

Pharmacology of Prasugrel 

Prasugrel requires enzymatic metabolism to exert its anti- 
platelet effects (Figure l). 22 The parent molecule, prasugrel, 
is rapidly hydrolyzed by esterases, such as those located in 
the intestine and blood, to a thiolactone intermediate metab- 
olite R-95913. The parent molecule is therefore not detectable 
in the plasma. This intermediate metabolite undergoes sub- 
sequent activation by a single cytochrome P450 (CYP)- 
dependent step (predominantly CYP3A and CYP2B6) to 
form the sulfhydryl-containing active metabolite R- 13 8727. 
This active metabolite binds irreversibly to the platelet P2Y 12 
receptor by covalent linkage of a sulfhydryl group to inhibit 
platelet activation and aggregation. Prasugrel metabolism differs 
from clopidogrel metabolism in that the initial hydrolysis of the 
parent clopidogrel compound results in inactivation of a substan- 
tial fraction (*«85%) of the absorbed drug, and the subsequent 
activation requires 2 CYP-dependent steps (Figure l). 22 The 
CYP enzymes involved in the metabolism of clopidogrel and 
prasugrel are polymorphic, differing between individuals, and 
are responsible in part for the interpatient variability of 
clopidogrel response, 23,24 The prasugrel active metabolite 
concentration peaks in the plasma at «30 minutes, and the 
concentration is proportional to a dose between 5 and 60 mg. 
When not bound to platelets, the active metabolite of prasug- 
rel has an elimination half-life of *=7 hours. 25 Prasugrel does 
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not have clinically relevant interactions with inducers or 
inhibitors of the cytochrome P450 system. 26 The active 
metabolite concentration and pharmacodynamic response of 
prasugrel were not affected by moderate renal impairment 
compared with healthy subjects, 27 In patients with end-stage 
renal disease, active metabolite concentrations were «40% 
lower, but similar platelet inhibition was noted. In patients 
with moderate liver disease, no effects on prasugrel pharma- 
cokinetics or pharmacodynamics have been observed. Pra- 
sugrel has not been tested in severe hepatic disease. 28 

In clinical pharmacology studies of healthy subjects, no effect 
of age on prasugrel pharmacokinetics or pharmacodynamics was 
observed with age between 20 and 80 years. 29 In the Trial to 
Assess Improvement in Therapeutic Outcomes by Optimizing 
Platelet Inhibition With Prasugrel Thrombolysis in Myocardial 
Infarction 38 (TRITON-TIMI 38), however, patients >75 years 
had 19% higher exposure to the active metabolite of prasugrel 
compared with those <75 years of age and 25% higher exposure 
compared with patients <60 years of age. In both clinical 
pharmacology studies and TRITON-TIMI 38, prasugrel phar- 
macokinetics were affected by body weight, with higher expo- 
sure in subjects with lower body weight. In TRITON-TIMI 38, 
patients <60 kg had 30% higher exposure than patients >60 kg 
and 42% higher exposure than patients ^85 kg. In the analysis 
of TRITON-TIMI 38, pharmacokinetics were not appreciably 
affected by diabetes, smoking, or renal impairment. 30 

In equimolar concentrations, the active metabolites of 
prasugrel and clopidogrel have similar antiplatelet effects. 31 
Therefore, the more rapid and consistent conversion of 
prasugrel from the inactive prodrug to its active metabolite 
and the ability of patients to generate higher concentrations of 



the active metabolite provide the mechanistic basis for the 
differences in the pharmacological profiles of the 2 drugs. 32 A 
2-phase crossover study comparing loading doses of prasug- 
rel (60 mg) and clopidogrel (300 mg) in healthy subjects 
showed higher maximal levels and less variable inhibition of 
ADP-induced platelet aggregation with prasugrel (79±9%) 
than with clopidogrel (35±25%). 32 A difference in platelet 
inhibition was apparent between the 2 drugs by 30 minutes 
and persisted to 24 hours, the duration of measurement This 
same study also demonstrated several patients with low-level 
(<20% induced platelet aggregation) response to clopidogrel 
but no such patients with prasugrel. These observations 
resulted from the to 10-fold higher levels of prasugrel active 
metabolite than clopidogrel active metabolite. 32 

Many physicians in clinical practice use higher doses of 
clopidogrel than the standard approved dose. This practice is 
supported in part by clinical practice guidelines, 12 small 
clinical outcomes studies, observational studies, and meta- 
analyses. 33-35 The Clopidogrel Optimal Loading Dose Usage 
to Reduce Recurrent Events/Optimal Antiplatelet Strategy for 
Interventions (CURRENT OASIS 7) trial 36 compared high- 
loading- and -maintenance-dose clopidogrel (600-mg loading 
dose followed by 150 mg/d for 7 days) with standard dosing 
(300-mg loading dose followed by 75 mg/d) in «25 000 
patients with ACS treated with or without coronary angiog- 
raphy. The trial did not meet its primary end point of a 
reduction of cardiovascular death, MI, or stroke in the overall 
cohort of ACS patients, and more CURRENT major bleeding 
was observed with the higher-dose clopidogrel strategy. 
Lower ischemic event rates were observed with the combi- 
nation of high-dose clopidogrel and high-dose aspirin (300 to 
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Figure 2. The main results of PRINC1PLE-TIMI 44. Prasugrel 60 mg resulted in higher levels of platelet inhibition than 600 mg clopi- 
dogrel in the acute phase, and 10 mg prasugrel resulted in higher levels of platelet inhibition than 150 mg clopidogrel in the chronic 
phase. IPA Indicates inhibition of platelet aggregation. Data derived from Wiviott et al. 37 



325 mg daily). In a postrandomization subgroup of patients 
who underwent PCI, there was a reduction of ischemic 
events, including MI and stent thrombosis, with higher-dose 
clopidogrel compared with the standard dose. 36 

The Prasugrel in Comparison to Clopidogrel for Inhibition 
of Platelet Activation and Aggregation (PRINCIPLE)-TIMI 
44 trial compared prasugrel and clopidogrel using the CUR- 
RENT OASIS 7 clopidogrel dose regimen (600-mg loading 
dose followed by 150 mg daily). This was a 2-phase cross- 
over study in patients with coronary artery disease undergo- 
ing cardiac catheterization with planned PCI. Prasugrel 
60-mg loading dose showed higher levels of platelet inhibi- 
tion than 600 mg clopidogrel, and 10 mg prasugrel showed 
greater levels of platelet inhibition than 150 mg clopidogrel 
daily 37 (Figure 2). A significant difference in induced platelet 
aggregation emerged as soon as 30 minutes and persisted 
throughout the first 24 hours. In fact, by 30 minutes, the 
levels of inhibition with prasugrel 60 mg were similar to the 
maximal inhibition achieved with clopidogrel 600-mg load- 
ing dose (Figure 2A). In a crossover design, higher levels of 
induced platelet aggregation were also observed with 10 mg 
prasugrel compared with 150 mg clopidogrel after 2 weeks of 
therapy (Figure 2B). 

Clinical Outcomes Trials of Prasugrel 

The Joint Utilization of Medications to Block Platelets 
Optimally (JUMBO)-TIMI 26 3 * trial was a phase II, dose- 
ranging, safety study of prasugrel compared with clopidogrel 
in patients undergoing PCI. In this study, 904 subjects were 
randomized to 1 of 3 prasugrel dosing strategies with 2 
prasugrel loading doses and 3 prasugrel maintenance doses 
(40/7,5 mg, 60/10 mg, and 60/15 mg) compared with clopi- 
dogrel (300/75 mg) and followed up for 30 days. Bleeding 
rates overall were low, and there were no statistically signif- 
icant differences among treatment groups for the primary 
safety end point of TIMI major or minor bleeding. However, 
numerically more patients had bleeding in the combined 
prasugrel group (hazard ratio [HR], L42; 95% confidence 
interval [CI] 0.40 to 5.08) compared with clopidogrel, and the 
60/15 mg prasugrel arm tended to have higher rates of TIMI 
minimal bleeding. The study was not powered for efficacy 
end points, and a nonsignificant difference (HR, 0.76; 95% 
CI t 0,46 to 1.24) was observed for the primary end point of 



major adverse cardiovascular events in favor of prasugrel- 
treated patients compared with clopidogrel-treated patients. 
The combination of clinical data from JUMBO-TLMI 26 and 
platelet function data in healthy volunteers 32 and patients 39 
served as the basis for dose selection for the pivotal phase II, 
registration pathway trial of prasugrel 

Efficacy 

The majority of clinical outcomes data for prasugrel comes 
from the phase m TRITON-TIMI 38 trial In this trial, 
13 608 subjects with moderate- to high-risk ACS, including 
UA, NSTEMI, and STEMI with planned PCI, were random- 
ized to receive either clopidogrel 300-mg loading dose 
followed by 75 mg daily or prasugrel 60-mg loading dose 
followed by 10 mg daily. Subjects with UA/NSTEMI or 
STEMI treated initially with medical therapy could be ran- 
domized and treated only after the coronary anatomy was 
known to be suitable for PCI; subjects with STEMI and 
planned primary PCI could be randomized and treated on first 
contact. Subjects with recent clopidogrel use t known bleeding 
diathesis, or other high-risk features for bleeding were ex- 
cluded. 40 Subjects were treated for a median of 14.5 months. 

The primary end point was the composite of death from 
cardiovascular causes, nonfatal MI, or nonfatal stroke. Subjects 
randomized to prasugrel had fewer primary end-point events 
(9.9% versus 12,1%; HR, 0.81; 95% CI, 0.73 to 0.90; P<0.001) 
compared with clopidogrel, as shown in Figure 3A and Table l. 41 

The primary efficacy end point (Table 1) was driven by a 
24% reduction in MI including both fatal and nonfatal MI. 
Cardiovascular death and total mortality were numerically 
but not statistically lower (total mortality, 3.0% versus 3.2%; 
HR, 0,95; 95% CI, 0.78 to 1.16; in STEMI, 3.3% versus 
4.3%; HR, 0.76; 95% CI, 0.54 to 1.07; in UA/NSTEMI, 2.9% 
versus 2.8%; HR, 1.08; 95% CI, 0.84 to 1.38), and no effect 
was seen on total stroke. Additional analyses of reduction in 
MI using the American College of Cardiology/American 
Heart Association/European Society of Cardiology universal 
MI definition showed similar reductions in procedural MI and 
spontaneous MI, small and large Mis (based on peak biomar- 
kers), investigator reported Mis, and Mis both early (within 
30 days) and after 30 days. 42 The reduction in clinical 
ischemic events was also notable for a reduction in urgent 
target vessel revascularization (2.5% versus 3,7%; HR, 0.66; 
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Figure 3. A, TRITON-TJMI 38 main results in the overall cohort. B, Main results figure in core clinical cohort (no history of stroke/tran- 
sient ischemic attack, age <75 years, and weight ^60 kg). CV indicates cardiovascular; C, clopidogrel; P, prasugrel; NNT, number 
needed to treat; NNH, number needed to harm. Data derived from Wiviott et al. 41 



95% CI, 0.54 to 0.81; P<0.001). A key finding from 
TRITON-TIMI 38 was a marked reduction in stent throm- 
bosis among patients receiving prasugrel. Overall for the 
duration of the trial, Academic Research Consortium- defined 
definite or probable stent thrombosis was reduced by 52% 
(1.1% versus 2.4%; HR, 0.48; 95% CI, 0.36 to 0.64; 
P<0.001) and definite (angiographic or autopsy proven) stent 
thrombosis by 58% (0,9% versus 2.0%; HR, 0,42; 95% CI, 
0.31 to 0.59; / J <0.001; Figure 4A) 43 in patients who received 
prasugrel. These findings were similar whether patients 
received bare metal stents or drug-eluting stents. The reduc- 
tion in stent thrombosis was also noted both early, ie, within 
30 days after randomization (0.64% versus 1.56%; HR, 0.41; 
95% CI, 0.29 to 0.59; P<0-0001), and after 30 days (0.49% 
versus 0,82%; HR, 0.60; 95% CI, 0.37 to 0.97; P=0O3; 
Figure 4B). 



Safety 

Consistent with the more potent antiplatelet effects observed 
with prasugrel in TRtTON-TIMI 38, higher rates of bleeding 
were observed. The key safety end point of non-coronary artery 
bypass graft (CABG)-related TIMI major bleeding was ob- 
served more frequently with prasugrel (2.4% versus 1.8%; HR, 
1.32; 95% CI, 1.03 to 1.68; P=0.03; Figure 3A). 41 In addition to 
the key safety end point of TIMI major bleeding, there was an 
excess of non-CABG-related TIMI major or minor bleeding 
(5.0% versus 3.8%; HR, 1,31; 95% CI, 1.11 to 1,56; P=0,002) 
and bleeding requiring transfusion (4.0% versus 3.0%; HR, 1.34; 
95% CI, 1.11 to L63; P<0.001). Among non-CABG-related 
bleeding, the excess was driven predominantly by an increase in 
spontaneous bleeding (1.6% versus 1.1%; HR, L51; 95% CI, 
1.09 to 2.08; ^=0.01). Instrumented bleeding and bleeding 
related to trauma were less frequent in both groups, and rates 



Table 1. Key Efficacy and Safety Results From TRIT0N-TIMI 38 



End Point 


Clopidogrel, % 


Prasugrel, % 


Absolute Risk 
Difference, % 


HR 


95% CI 


P 


CVD/MI/CVA 


12.1 


9.9 


2.2 


0.81 


0.73-0.90 


<0.001 


Ml 


97 


7.4 


2.3 


076 


0.67-0.85 


<0.001 


Urgent TVR 


37 


2.5 


1.2 


0.66 


0.54-0.81 


<0.001 


TIMI major bleeding* 


1.8 


2,4 


0.6 


1.32 


1.03-1.68 


0.03 


TIMI major or minor bleeding* 


3,8 


5,0 


1.2 


1.31 


1.11-1.56 


0.002 


Bleeding requiring transfusion* 


3.0 


4.0 


1.0 


1.34 


1.11-1.63 


<0.001 


All-cause death, Ml, stroke, 
TIMI major bleeding* 


13,9 


12.2 


17 


0.87 


079-0.95 


0.004 



CVD indicates cardiovascular death; CVA, cerebrovascular accident (stroke); and TVR, target vessel revascularization. 
*Not related to coronary artery bypass surgery. 
Data derived from Wiviott et al, 41 
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Figure 4. Stent thrombosis in TRITON-TIMI 38, A, Stent throm- 
bosis in the overall cohort for the duration of the trial B, Aca- 
demic Research Consortium definite or probabie stent thrombo- 
sis by timing. Data derived from Wiviott et al. 43 

were similar between the 2 treatment arms. Among the non- 
CABG major bleeds, there was an excess of life-threatening 
bleeding and, though rare, fatal bleeding. Intracranial bleeding 
was not increased among the patients treated with prasugrel 
(0.3% of both treatment arms). 

The relative bleeding excess with prasugrel tended to be 
similar among major subgroups and tended to continue to 
accumulate over time; no significant difference in TIMI major 
bleeding was observed by 30 days (1.03% versus 0.87%; HR> 
U9; 95% CI, 0.84 to 1.68; P=0.34), and bleeding in this time 
period was most often procedure related with both agents. 
However, after 30 days, a significant excess in TLMI major 
bleeding was observed (1.42% versus 0,97%; HR, 1.48; 95% CI, 
1.04 to 2.09; / > =0.03) and was more commonly spontaneous 
bleeding, particularly gastrointestinal bleeding. No significant 
interaction between time of follow-up and treatment was ob- 
served. Because TRITON-TIMI 38 was designed as a PCI trial 
in which coronary anatomy had to be known to be suitable for 
PCI before randomization, CABG was infrequent. TLMI major 
bleeding was identified in 13% of prasugrel-treated patients who 
underwent CABG (0.4% of the total cohort) compared with 3% 
of clopidogrel-treated patients who underwent CABG (0.1% of 
the total cohort; HR, 4.73; 95% CI, 1.90 to 11.82; P<0.001). 

To assess the balance between safety and efficacy, a 
prespecified net outcome end point of all-cause death, MI, 
stroke, and non-CABG TIMI major bleeding was evaluated in 
TRITON-TIMI 38. In the overall cohort, this end point 
favored prasugrel (12.2% versus 13.9%; HR, 0.87; 95% CI, 
0.79 to 0.95; P=0.004). This net outcome was robust to 
sensitivity analyses, including less severe bleeding episodes 
(such as TIMI minor bleeding). 44 In addition to the prespeci- 
fied safety end points, a careful assessment of reported 
adverse events identified a slight excess in patients with new 
or worsened malignancies, particularly colon cancers, which 
may have resulted from ascertainment bias caused by earlier 
identification in the prasugrel group as a result of evaluations 
for bleeding or anemia. The US Food and Drug Administra- 
tion determined that there was not sufficient biological 
evidence to suggest that prasugrel was a carcinogen or a 



tumor promoter and requested additional studies to assess the 
potential cancer risk. 45 

Subgroups 

Several subgroups of patients in TRITON-TIMI 38 are of 
both scientific and clinical interest. Three groups were 
highlighted as being of particular concern: those with previ- 
ously known stroke, elderly patients, and patients with low 
body weight. Patients with a self-reported or known history of 
stroke or transient ischemic attacks (n=518) before enrollment 
in TRITON-TIMI 38 had a higher rate of primary efficacy 
events (19.1% versus 14.4%; HR, 1.37; P=0,15) driven by an 
increase in stroke, which differed significantly from the non- 
stroke cohort (P for interaction=0.02). Coupled with a high rate 
of bleeding, including more intracranial hemorrhage in this 
subgroup, the net outcome significantly favored clopidogrel 
(23.0% versus 16.0%; HR, 1.54; />=0.04). 

In patients ^75 years of age (n=1809), a smaller (but 
directionally consistent) relative reduction in primary effi- 
cacy events (17.2% versus 18.3%; HR, 0,94; />=0.60), 
coupled with higher absolute TIMI major bleeding rates 
(4.2% versus 3.4%; HR, L36; P=0.24), resulted in a balance 
between efficacy and safety and a neutral net outcome (21.7% 
versus 21.5%; HR, 0.99; />=0.92), Of particular concern in 
the elderly patients was the higher rate of spontaneous fatal 
hemorrhage compared with younger patients. In patients ^75 
years of age, 9 spontaneous fatal hemorrhages were observed 
with prasugrel and 0 with clopidogrel. In patients <75 years 
of age, 5 fatal spontaneous hemorrhages were observed with 
prasugrel and 4 with clopidogrel. 

Patients with low body weight (<60 kg; n=668), in whom 
pharmacokinetic modeling demonstrated an overexposure to 
the prasugrel active metabolite, 30 - 41 had an efficacy similar to 
that of the overall cohort (10.5% versus 12.6%; HR, 0.86; 
P=0.54), had higher rates of bleeding (6.0% versus 3.5%; 
HR, L90; P=0.09), and had a neutral net outcome (15.9% 
versus 15,7%; HR, 1.03; F=0.89). It should be recognized 
that the relative efficacy and safety of prasugrel appear to be 
optimized in TRITON-TIMI 38 in patients <75 years of age 
and weighing >60 kg, but it is also likely that the general 
principle holds that this balance worsens with advancing age 
and decreasing body weight beyond these precise thresholds 
(Tables I and II in the online-only Data Supplement). 

In contrast, patients with diabetes mellitus had a greater 
reduction in cardiovascular death/MI/stroke (12.2% versus 
17,0%; HR, 0.70; / , <0.001) than those without diabetes 
mellitus (9.2% versus 10.6%; HR, 0.86; jP=0.02; P for 
interaction=0.09) without an excess in TIMI major bleeding, 
resulting in a greater improvement in the net outcome. 46 
There were consistent benefits among patients presenting 
with STEMI 47 and those with UA/NSTEMI, although there 
appeared to be less bleeding excess in patients with STEML 
There were consistent benefits of prasugrel compared with 
clopidogrel among patients who received varying doses of 
aspirin, 48 patients with or without glycoprotein Ilb/Iila inhib- 
itors, 49 and those with or without proton pump inhibitors. 50 

A pharmacokinetic substudy of TRITON-TIMI 38 dem- 
onstrated that patient groups who had less favorable out- 
comes, patients who were either <60 kg or ^75 years of age, 
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had higher levels of the active metabolite of the drug than did 
subjects without those characteristics. 30 Modeling data sug- 
gest that decreasing the maintenance dose of prasugrel to 5 
mg in these subjects would reduce exposure to the active 
metabolite to levels consistent with those observed in the 
subjects <75 years of age and >60 kg. The efficacy and 
safety of the 5-mg doses in this population have not been 
established in a clinical trial but are being tested in the 
ongoing Targeted Platelet Inhibition to Clarity the Optimal 
Strategy to Medically Manage Acute Coronary Syndromes 
(TRILOGY ACS) NCT00699998 trial, which is also testing 
the efficacy of prasugrel compared with clopidogrel in 
patients with ACS without intended PCI. 

Clinical Genetics 

As noted above, for clopidogrel or prasugrel to exert an 
antiplatelet effect, metabolism from an inactive parent com- 
pound to the active metabolite that interacts with the P2Y 12 
receptor is required (Figure 1). The CYP enzymes involved in 
these conversions are known to be subject to common genetic 
variation resulting in differential function. The combination 
of the need for metabolism for action and the interpatient 
variability in metabolic efficiency sets the stage for a phar- 
macogenomic treatment interaction with clopidogrel. Indeed, 
several studies have reported that patients who are carriers of 
a reduced-function allele of CYP 2C19 are at increased risk of 
recurrent cardiovascular events, including recurrent MI and 
stent thrombosis, while being treated with clopidogrel. 24 ' 51 - 53 
In the genetic analysis of TRITON-TIMI 38, «30% of 
subjects tested were carriers of at least 1 common reduced- 
function allele for CYP 2C19. Among the clopidogrel sub- 
jects, carriers had an excess of cardiovascular ischemic 
events, including a 3-fold higher rate of stent thrombosis. 24 
These data were supported by consistent effects of the 
reduced function alleles of CYP 2C19 showing less genera- 
tion of active metabolite and less inhibition of platelets in 
clopidogrel-treated patients. 24 In support of the mechanistic 
importance of the CYP 2C19 enzyme, a genome-wide asso- 
ciation study identified loci associated with genes encoding 
CYP 2C19 associated with reduced antiplatelet effect of 
clopidogrel. 54 In contrast to the consistent observations of 
pharmacogenomic effects on clopidogrel, none of the com- 
mon variants in the CYP genes tested showed consistent 
reductions in prasugrel active metabolite generation and the 
antiplatelet effects of prasugrel. 23 Consequently, subjects 
assigned to prasugrel in the TRITON-TIMI 38 genetic 
analysis had no difference in the rates of cardiovascular 
ischemic events by genotype, suggesting that the more 
efficient metabolism of prasugrel may render patients less 
susceptible to such genetic variation, 23 

Regulatory Action and Anticipated 
Clinical Use 

Largely on the basis of the aforementioned TRITON-TIMI 
38 trial, prasugrel received approval by both the US Food 
and Drug Administration and the European Medicines 
Agency for use in patients with ACS (including STEMI 
and UA/NSTEMI) undergoing planned PCI (Table 2). Both 
agencies provided warnings of the bleeding risk with prasug- 



rel, including a "black box" warning by the Food and Drug 
Administration, and provided contraindications for its use in 
patients with prior stroke or transient ischemic attack. On the 
basis of regulatory action, the core clinical cohort recommended 
for treatment with prasugrel at the studied doses (60 mg and 10 
mg) included patients without prior stroke or transient ischemic 
attack who were <75 years of age and weighed >60 kg. This 
group of patients, who represented 79,4% of the TRITON-TIMI 
38 population, exhibited a greater benefit of prasugrel on 
ischemic end points and had less absolute bleeding difference 
(Figure 3B). The American and European regulatory agencies 
approved both 10- and 5-mg tablets of prasugrel and recom- 
mended the 5-mg tablet for patients weighing <60 kg (132 
lb). For patients >75 of age, the US Food and Drug 
Administration indicated that prasugrel is generally not rec- 
ommended, but its use may be considered in patients at high 
risk for recurrent ischemic events such as those with diabetes 
mellitus or prior MI; it also recommended that when prasug- 
rel is used in the elderly weighing >60 kg, prasugrel should 
be used with its standard dosing regimen. The European 
Medicines Agency took a slightly different approach, also 
recommending that prasugrel should generally be avoided in 
the elderly, but if used, the dose should be lowered to 5 mg. 

Summary and Recommendations 

Prasugrel is a third-generation thienopyridine with more 
consistent and efficient metabolism than clopidogrel, the 
current standard of care. Pharmacodynamic studies have 
shown that patients taking prasugrel compared with standard 
or higher doses of clopidogrel have higher levels of thien- 
opyridine active metabolite and higher and more consistent 
levels of platelet inhibition, Prasugrel appears less susceptible 
to genetic variation and drug-drug interactions, which can 
limit the antiplatelet activity and clinical effectiveness of 
clopidogrel. This pharmacokinetic and pharmacodynamic 
superiority is translated into improved ischemic outcomes but 
more bleeding in patients with ACS and planned PCI. These 
data serve as the first to definitively demonstrate that an agent 
(or dose of an agent) with higher and more consistent levels 
of platelet P2Y 12 inhibition can reduce ischemic events, a key 
research question in cardiology, and set the stage for further 
research on personalized medicine, alternative agents, and 
alternative platelet targets. These data, however, do not 
indicate the presence of specific goal levels of platelet 
inhibition for individual patients. Ticagrelor, a direct, non- 
thienopyridine P2Y 12 inhibitor, has also been shown to 
improve clinical outcomes, including total mortality, in pa- 
tients with ACS compared with clopidogrel, 55 further confir- 
mation of the importance of oral platelet inhibition. 

From a patient care standpoint, the favorable balance of 
risk and benefit in a large majority of the patients studied in 
TRITON-TIMI 38 served as the basis for approval of 
prasugrel worldwide by regulatory agencies. Prasugrel is now 
available for prescription by physicians in the United States 
and in many countries around the world as an alternative to 
clopidogrel. Available evidence supports the use of prasugrel 
either in patients with ACS who are undergoing planned 
primary PCI for STEMI or in patients with UA/NSTEMI or 
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Table 2. Summary of Regulatory Action Related to Prasugrel 




US Food and Drug Administration 


European Medicines Agency 


Indication 


Reduction of thrombotic cardiovascular events (including stent 


Prevention of atherothrombotic events in patients with ACS 




thrombosis) in patients with ACS who are to be managed 


undergoing primary or delayed PCI 




with PCI 




Dose and administration 


Initiate treatment with a single 60-mg oral loading dose and 


Should be initiated with a single 60-mg loading dose and 




continue at 10 mg once daily with or without food 


then continued at 1 0 mg once a day 

Premature discontinuation of any antiplatelet agent, 
including prasugrel, could result in an increased risk of 
thrombosis, Ml, or death resulting from the patient's 

iinHarhiinn HicaQcn 
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Treatment of up to 12 mo is recommended unless the 
discontinuation of prasugrel is clinically indicated 


Contraindications 


Active pathological bleeding 


Hypersensitivity to the active substance or to any of the 
exciptents 




Prior stroke or transient ischemic attack 


Active pathological bleeding 

History of stroke or transient ischemic attack 

Severe hepatic impairment (Child Pugh class C) 


Warnings and precautions 


Can cause significant, sometimes fatal, bleeding 


Patients with ACS undergoing PCi treated with prasugrel 




Increased risk in patients likely to undergo CABG 


and ASA showed an increased risk of major and minor 




Premature discontinuation increases the risk of stent 

thrflmtwita Ml anri ripath 
li ii vniyvoi;>i mil, ouu ucoi.ii 
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increased risk of bleeding should be considered only when 
the benefits in terms of prevention of ischemic events are 
deemed to outweigh the risk of serious bleedings 


Age >75 y 


Generally not recommended except in high-risk patients 


Generally not recommended and should be undertaken 




(diabetes mellitus or prior Ml) in whom its effect appears to 


only with caution after a careful individual benefit/risk 




be greater and its use may be considered 


evaluation by the prescribing physician 

If prescribed, a lower maintenance dose of 5 mg should be 
used; the 10-mg maintenance dose is not recommended 


Weight <60 kg 


Consider 5 mg once daily 


A 5-mg maintenance dose should be used 


Genetics 


No relevant effect of genetic variation 


No relevant effect of genetic variation 


Drug-drug interactions 


No relevant effects of inducers or inhibitors of CYP enzymes 


Can be administered concomitantly with drugs that inhibit 




or drugs that interfere with gastric pH 


or induce CYP enzymes and drugs that interfere with 
gastric pH 



ASA indicates acetylsalicylic acid. 



STEMI in whom the coronary anatomy is known to be 
suitable for PCI who have not been treated with clopidogreL 
Prasugrel has not been compared with pretreatment with 
clopidogrel. In patients with adequate time for clopidogrel 
pretreatment before catheterization, the relative efficacy of 
the 2 strategies of treatment is unknown. Because of its rapid 
onset of action, loading of prasugrel at the time of angiogra- 
phy can be expected to provide high-level platelet inhibition 
to support PCI and to reduce the risk of early ischemic events 
such as acute stent thrombosis. Although CABG-related 
bleeding was more frequent with prasugrel than with clopi- 
dogrel, the ability to use prasugrel to support PCI when 
coronary anatomy is known should reduce the frequency with 
which patients who are identified as needing CABG will 
receive a thienopyridine. Therefore, the use of prasugrel 
appears particularly well suited for patients who will have 
cardiac catheterization and PCI within hours (rather than 
days) of the decision to use a thienopyridine and in whom this 
more rapid agent can be given peri-PCI and will be active at 
the time of PCL Compared with standard-dose clopidogrel, 
prasugrel provides greater protection from ischemic events, 
particularly stent thrombosis, repeat revascularization, and 
MI, throughout 15 months in patients with PCI but with more 



bleeding. The use of prasugrel appears to have a particularly 
favorable risk-to-benefit profile in patients with demographic 
factors that place them at very high risk for recurrent ischemic 
events but not at high risk for bleeding such as those with 
ACS and diabetes mellitus and those with STEMI, although 
clinical trial data do not suggest the limitation of use to these 
patients. 

It may seem logical to extrapolate from previous data to 
suggest that one may guide therapy on the basis of genetic 
testing (CYP 2C19 polymorphisms) or to reserve a more 
potent agent such as prasugrel for patients who are demon- 
strated to have poor platelet response to clopidogrel on 
functional testing. However, we do not believe there is 
currently sufficient evidence or practical availability of rapid 
testing to identify patients with these particular risk factors. In 
the set of patients for whom prasugrel is indicated, if 
physicians wait for the results of genetic testing or initiate 
clopidogrel and await platelet function testing, the early 
beneficial effects of rapid and higher level P2Y 12 inhibition 
could be lost. 

Therefore, as with the incorporation of other new therapies 
into clinical practice, prasugrel should be used as one com- 
ponent of a treatment strategy to optimize patient outcomes, 
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balancing ischemic protection, bleeding risk, and cost. From 
a demographic standpoint, the balance appears to favor 
efficacy with prasugrel as studied with the exclusion of a 
well-defined subgroups of patients, including those with prior 
stroke or transient ischemic attack, the elderly, or patients of 
low body weight, without additional risk features for recur- 
rent ischemia and strongly favors efficacy in the setting of 
diabetes mellitus or STEML For individual patients, the 
clinician must integrate the choice and dose of thienopyri- 
dine, invasive strategies, vascular access management, stent 
types, choice of and dose of additional antiplatelet agents, 
antithrombins, and adjunctive pharmacotherapies. 
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Supplemental Tables 



Table 1 (Supplemental): Clinical outcomes by weight at time of enrollment. Primary Endpoint = 
Cardiovascular death/myocardial infarction/stroke. Net Endpoint = All-cause death/myocardial 
infarction/stroke/TIMI major non-CABG bleed. 









Prasuerel 


Clopidogrel 






Endpoint 


Weight in Kilograms 


N* 


Event Rate 


Event Rate 


Hazard ratio 


Interaction 
p-value 


Primary EP 
(CVD/M l/stroke) 


<60 


668 


10.5% 


12.6% 


0.86 (0.54-1.38) 


0.55 


60- <70 


1808 


11.0% 


13.7% 


0.80 (0.61-1.04) 


70- <80 


3278 


10.6% 


12.6% 


0.85 (0.69-1.04) 


80- <90 


3443 


9.1% 


10.9% 


0.80 (0.65-1.00) 


90-<100 


2171 


9.6% 


11.1% 


0.85 (0.65-1.11) 


>=100 kg 


2069 


8.2% 


11.2% 


0.72 (0.54-0.96) 
















TIMI major non-CABG 
bleed 


<60 


664 


6.0% 


3.5% 


1.90 (0.90-4.02) 


0.92 


60- <70 


1791 


2.1% 


2.3% 


0.96 (0.50-1.85) 


70- <80 


3255 


2.2% 


2.0% 


1.24 (0.76-2.04) 


80- <90 


3420 


2.6% 


1.7% 


1.41 (0.86-2.33) 


90- <100 


2154 


1.5% 


1.6% 


0.96 (0.47-1.96) 


>=100 kg 


2052 


2.3% 


1.2% 


1.75 (0.83-3.68) 
















Net endpoint 


<60 


668 


15.7% 


15.9% 


1.03 (0.69-1.53) 


0.83 




60- <70 


1808 


13.2% 


16.0% 


0.81 (0.63-1.03) 




70- <80 


3278 


12.5% 


14.4% 


0.87 (0.72-1.06) 




80- <90 


3443 


11.3% 


12.6% 


0.86 (0.71-1.06) 




90- <100 


2171 


11.8% 


12.4% 


0.93 (0.73-1.20) 




>=100 kg 


2069 


10.8% 


12.8% 


0.82 (0.63-1.06) 



*Subjects for whom weight was not known at the time of enrollment are excluded from the analysis. N 
represents the intention to treat cohort for the primary and net endpoints and the safety cohort for 
TIMI major non-CABG bleeding 
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Table 2 (Supplemental): Clinical outcomes by age at time of enrollment. Primary Endpoint = 
Cardiovascular death/myocardial infarction/stroke. Net Endpoint = All-cause death/myocardial 
infarction/stroke/TIMl major non-CABG bleed. 









Prasuer 
el 


Clooidogrel 








App in upaK 

rAgC IIJ yCul j 


M* 
Vi 


Event 
Rate 


EvGnt Rats 


ndZaru rdLlu 


Interaction 

p-Vallic 


Primary EP 


<45 


974 


6.2% 


11.0% 


0.54 (0.34-0.86) 


0.01 


45-49 


1332 


6.2% 


9.3% 


0.68 (0.45-1.01) 


50-54 


1902 


6.7% 


9.8% 


0.69 (0.50-0.95) 


55-59 


2217 


9.5% 


11.6% 


0.81 (0.62-105) 


60-64 


1897 


9.9% 


10.9% 


0.88 (0.66-L17) 


65-69 


1919 


9.4% 


11.0% 


0.82 (0.62-1.09) 


70-74 


1558 


12.2% 


13.9% 


0.91 (0.68-1.20) 


>=75 


1809 


17.2% 


18.3% 


0.94 (0.75-1.18) 
















TIMI major non-CABG 
bleed 


<45 




0 7% 


1 0% 

-L.\J /<} 


0 81 fO 18-3 611 


0.84 




1315 


2 1% 


0 8% 


2 48 fO 88-6 961 

■C"-rtJ ^V'Uy \I**SKJf 




1890 


1 8% 

J. ■ L) /U 


1 2% 


1 47 fO 66-3 28) 


55-59 


2194 


1.9% 


1.8% 


0 95 (0 49-185) 


60-64 


1883 


2.8% 


1.8% 


1 57 (0 82-2 981 




1891 


2 7% 


2.3% 


1 17 (0 64-2 12) 


70-74 


1536 


2.6% 


1.8% 


1 35 (0 66-2 78) 


>=75 


1785 


4.2% 


3.4% 


1.36 (0.81-2.27) 
















Net endpoint 


<45 


974 


6.7% 


12.0% 


0.54 (0.34-0.84) 


0.02 


45-49 


1332 


8.9% 


9.8% 


0.89 (0.62-1.29) 


50-54 


1902 


7.8% 


10.8% 


0.71 (0.53-0.97) 


55-59 


2217 


11.5% 


13.6% 


0.83 (0.65-1.07) 


60-64 


1897 


12.5% 


12.3% 


0.97 (0.75-1.26) 


65-69 


1919 


12.0% 


12.9% 


0.90 (0.70-1.17) 


70-74 


1558 


14.4% 


16.5% 


0.89 (0.68-1.15) 


>=75 


1809 


21.5% 


21.7% 


0.99 (0.81-1.21) 



*N represents the intention to treat cohort for the primary and net endpoints and the safety cohort for 
TIMI major non-CABG bleeding 
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Genetic variants in ABCB1 and CYP2C19 and cardiovascular ^@ \ 
outcomes after treatment with clopidogrel andprasugrel in 
theTRITON-TIMI 38 trial: a pharmacogenetic analysis 

jessica i Mega*, Sandra L Close*, Stephen D WMott, Lei Shen, Joseph R Walker, Tabassome Simon, EWfott M Antman, Eugene Braunwald 
McrcSSobatine 



Summary 

Background Clopidogrel and prasugrel are subject to efflux via P-glycoprotein (encoded by ABCB1, also known as 
MDR.1). ABCB1 polymorphisms, particularly 3435 C-»T, may affect drug transport and efficacy. We aimed to assess 
the effect of this polymorphism by itself and alongside variants in CYP2C19 on cardiovascular outcomes in patients 
treated with clopidogrel or prasugrel in TRITON-TIMI 38. We also assessed the effect of genotype on the 
pharmacodynamic and pharmacokinetic properties of these drugs in healthy individuals. 

Methods We genotyped ABCB1 in 2932 patients with acute coronary syndromes undergoing percutaneous intervention 
who were treated with clopidogrel (n=1471) or prasugrel (n«1461) in the TRITON-TIMI 38 trial. We evaluated the 
association between ABCB1 3435C->T and rates of the primary efficacy endpoint {cardiovascular death, myocardial 
infarction, or stroke) until 15 months. We then assessed the combined effect of ABCB1 3435C-VT genotype and reduced- 
function alleles of CYP2C19, 321 healthy individuals were also genotyped, and we tested the association of genetic 
variants with reduction in maximum platelet aggregation and plasma concentrations of active drug metabolites. 

Findings In patients treated with clopidogrel, ABCB1 3435C-*T genotype was significantly associated with the risk of 
cardiovascular death, myocardial infarction, or stroke (p=0 • 0064), TT homozygotes had a 72% increased risk of the 
primary endpoint compared with CT/CC individuals {Kaplan-Meier event rates 12-9% [52 of 414] vs7-S% [80 of 1057 
participants]; HR 1*72, 95% CI 1-22-2*44, p=0*002). ABCB1 3435C-»T and CYP2C19 genotypes were significant, 
independent predictors of the primary endpoint, and 681 (47%) of the 1454 genotyped patients taking clopidogrel who 
were either CYP2C19 reduced-function allele carriers, ABCB1 3435 TT homozygotes, or both were at increased risk of 
the primary endpoint (HR 1*97, 95% CI 1*38-2*82, p=0 -0002). In healthy participants, 3435 TT homozygotes had an 
absolute reduction in maximum platelet aggregation with clopidogrel that was 7 * 3 percentage points less than for 
CT/CC individuals (p=0-0127). ABCB1 genotypes were not significantly associated with clinical or pharmacological 
outcomes in patients with an acute coronary syndrome or healthy individuals treated with prasugrel, respectively. 

Interpretation Individuals with the ABCB1 3435 TT genotype have reduced platelet inhibition and are at increased 
risk of recurrent ischaemic events during clopidogrel treatment. In patients with acute coronary syndromes who have 
undergone percutaneous intervention, when both ABCB1 and CYP2C19 are taken into account, nearly half of the 
population carries a genotype associated with increased risk of major adverse cardiovascular events while on standard 
doses of clopidogrel 

Funding Daiichi Sankyo Company Ltd and Eli Lilly and Company. 



Introduction 

In patients presenting with acute coronary syndromes 
and in those undergoing percutaneous coronary 
interventions with stenting, dual antiplatelet treatment 
with aspirin and the thienopyridine clopidogrel is the 
guideline-approved standard of care. 11 As such, 
clopidogrel is one of the most frequently prescribed 
drugs worldwide. However, the pharmacodynamic 
response to clopidogrel varies substantially between 
patients, 3 and individuals with low platelet inhibition 
during treatment with clopidogrel are at increased risk of 
cardiovascular events/ Prasugrel is a third-generation 
thienopyridine that achieves greater platelet inhibition 
with less variability between patients than does 
clopidogrel.* In the Trial to Assess Improvement in 
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Therapeutic Outcomes by Optimizing Platelet Inhibition 
with Prasugrel-Thrombolysis in Myocardial Infarction 
(TRITON-TIMI) 38, treatment with prasugrel compared 
with clopidogrel resulted in a significantly lower rate of 
ischaemic events and more bleeding. 6 

Both clopidogrel and prasugrel are prodrugs that need 
intestinal absorption and subsequent biotransformation 
to active metabolites by cytochrome P45G enzymes. In 
several studies, reduced-function genetic variants in 
CYP2C19 (located on chromosome 10) have been 
associated with reduced concentrations of active drug 
metabolite, diminished platelet inhibition, and higher 
rates of adverse cardiovascular events in the setting of 
treatment with clopidogrel, but not prasugrel. 7- " To that 
end, the US Food and Drug Administration has 
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incorporated CYP2C19 genetic information into the 
updated clopidogrel label in the form of a boxed warning 
noting that carriers of two reduced-function CYP2C19 
alleles have a diminished response to standard doses of 
clopidogrel. 

Additionally, a key protein involved in thienopyridine 
absorption is the efflux pump P-glycoprotein, which is 
encoded by ABCB1 (also known as MDR1, located on 
chromosome 7). P-glycoprotein is an ATP-dependent 
efflux pump that transports various molecules across 
extracellular and intracellular membranes. It is expressed, 
among other places, on intestinal epithelial cells, where 
increased expression or function can affect bioavailability 
of drugs that are substrates. Previous research suggests 
that when treated with clopidogrel, individuals with 
genetic variants in ABCB1 (specifically those who are TT 
homozygotes for the 3435C-»T variant) have reduced 
concentrations of the active drug metabolite 16 and 
increased rates of adverse clinical outcomes. 10 Further 
investigation into the effect of this polymorphism on 
outcomes in patients treated with clopidogrel, the effect 
in relation to CYP2C1 9 reduced-function variants, and the 
effect in those treated with the third-generation 
thienopyridine prasugrel is needed. 

We genotyped a subset of patients in the TRITON- 
TIMI 38 trial who provided samples for genetic analysis 
with the aim of assessing the association between the 
ABCB1 3435C^T polymorphism and adverse cardio- 
vascular outcomes during treatment with clopidogrel or 
prasugreL To obtain supporting pharmacological data, 
ABCB1 genotyping was also done in healthy individuals 
in whom platelet inhibition and drug concentrations 
were measured in response to clopidogrel or prasugreL 
We also assessed the contribution of the ABCB1 3435C->T 
polymorphism in the context of CYP2C19 status to 
elucidate the independent contribution of variants in 
these two genes. 

Methods 
Patients 

The design and primary results of the TRITON-TIMI 38 
trial have been described previously/ Patients with acute 
coronary syndromes undergoing planned percutaneous 
coronary interventions were randomly allocated to 
treatment with clopidogrel (300 mg loading dose followed 
by 75 mg daily) or prasugrel (60 mg loading dose followed 
by 10 mg daily) for up to 15 months. We undertook this 
pharmacogenetic analysis in a TRITON-TIMI 38 generic 
substudy that included 2932 patients who both provided 
a genetic sample and had ABCB1 genotyped (n~1471 for 
clopidogrel and n=1461 for prasugrel). This study was 
approved by institutional review boards, and written 
informed consent was obtained from all participants. 

Healthy participants in seven studies (n=321) 
involving treatment with clopidogrel or prasugrel, or 
both, were included in the pharmacodynamic and 
See online for webappendix pharmacokinetic analyses (webappendix pp 1 and 4). a 



These studies were approved by institutional review 
boards, and written informed consent was obtained 
from all participants. 

Procedures 

In the TRITON-TIMI 3S study, the presperified primary 
efficacy endpoint was a composite of cardiovascular 
death, myocardial infarction, or stroke. 6 A secondary 
endpoint was definite or probable stent thrombosis as 
defined by the Academic Research Consortium. 17 Safety 
endpoints included TIMI major or minor bleeding not 
related to coronary artery bypass grafting. These 
outcomes were adjudicated by a clinical events committee 
unaware of treatment assignment. 

Among the healthy participants, pharmacodynamic 
response was assessed by use of light transmission 
aggregometry in response to 20 umol/L ADP, and was 
expressed as absolute reduction in maximum platelet 
aggregation from baseline to 4 h, Plasma concentrations 
of clopidogrel and prasugrel active drug metabolite were 
measured by liquid chromatography with mass 
spectrometry. 111 The area under the plasma concentration- 
time curve was analysed by the log-linear trapezoidal 
method from time of dose to the 4-h measurable 
concentration (AUC^). 

Genotyping for ABCB1 was completed with the 
Affymetrix Targeted Human DMET 1.0 Assay 
(Affymetrix, Santa Clara, CA, USA) and Illumina 
Inflnium Beadchip Assay (Illumina, San Diego, CA, 
USA) to minimise missing data. 19 On the basis of 
previous studies,™- 16 the main variant of interest was 
3435C-VT (rs 1045642), and participants were classified 
as homozygous for the C allele (CC), heterozygous (CT), 
or homozygous for the T allele (TT). Since some in-vitro 
studies have also assessed a haplotype consisting of 
3435C-»T and two other ABCB1 variants, 2G77G-»T/A 
(rs2032582) and 1236C->T (rsll28503), we also 
genotyped these polymorphisms (webappendix p l). 20 
Genotypes were in Hardy-Weinberg equilibrium 
(webappendix p 5). 

Because genetic variation in CYP2C19 has been 
associated with pharmacological response and 
cardiovascular outcomes in patients taking 
clopidogrel, 8 - 1 *- 21 -" we assessed the combined effect of 
genetic variants in CYP2C19 and ABCB1 3435C->T. For 
CYP2C19, participants were genotyped and divided into 
two groups on the basis of whether they had at least one 
reduced-function allele (termed carriers) or no reduced- 
function alleles (termed non-carriers). 3 

Statistical analysis 

Analyses were done with SAS (version 9.1) and S-PLUS 
(version 8.0). On the basis of previous studies, the primary 
objective was to investigate the association between ABCB1 
3435C-*T genotypes and rates of the primary efficacy 
endpoint in patients in the TRITON-TIMI 38 study. For 
consistency with the main trial analyses, the Gehan- 
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Wilcoxon test was used for the primary efficacy endpoint 
and log-rank for other endpoints. Event rates were 
expressed as Kaplan-Meier estimates at 15 months. 25 
Hazard ratios and 95% CIs were calculated on the basis of 
Cox proportional hazards regression models with clinical 
syndrome (non-ST-elevation vs ST-elevation acute coronary 
syndromes) as a stratification factor. Two-sided p values 
were calculated to test for differences in cardiovascular 
event rates between patients stratified by genotype. If a 
significant association for the primary efficacy evaluation 
was identified in patients treated with clopidogrel, 
additional efficacy endpoints were also tested, including 
the hazards for the components of the composite primary 
endpoint, the primary endpoint at 30 days, and stent 
thrombosis. In terms of safety endpoints, TIMI major or 
minor bleeding not related to coronary artery bypass 
grafting was assessed until 15 months. Parallel analyses 
were done for patients allocated treatment with prasugreL 

To elucidate further the contribution of ABCB1 
variants, the associations between additional ABCB1 
genotypes (2677GVT/A, 1236C-»T, and the haplotype 
that included 1236C->T, 2677G^T/A, and 3435C^T; 
webappendix p 1) and cardiovascular outcomes were 
tested in each treatment group, with the same methods. 
We then evaluated 3435C^T in the context of CYP2C19. 
We created Cox proportional hazards regression models 
examining 3435C^T that were adjusted for CYP2C19 
reduced-function allele status as well as models that 
stratified patients into four groups on the basis of 
3435C-»T genotype and CYP2C19 reduced-function 
allele status. We did a meta-analysis that included 
results from FAST-MI 10 by combining HRs for each 
study using a fixed-effects model with weighting based 
on inverse variance. 

We tested the associations between genetic variation 
and pharmacodynamic and pharmacokinetic parameters 
using likelihood ratio tests based on linear regression or 
mixed-effects models. The primary outcomes were 
platelet inhibition (change in maximum platelet 
aggregation) and exposure to active drug metabolite 
[logjAUQJ]. The models contained subject as a random 
effect when repeated measures were present, genotype 
as the predictor of main interest, and other fixed effects 
including study, dose, and ethnic origin, and for 
pharmacodynamics, maximum platelet aggregation at 
baseline. Other demographic variables, including 
bodyweight, age, sex, and smoking, were included as 
judged to be appropriate for each drug, as has been done 
previously. 8 Additional models were also created with 
adjustment for CYP2C19. 

Role of the funding source 

The TRITON-TIM I 38 genetic study was designed and 
undertaken in collaboration between the TIMI Study 
Group and the sponsors. The academic authors directed 
and had access to all the analyses and the full clinical 
database, wrote all drafts of the report, decided to publish 
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Figure 1; ABCB1 3435C-kT and cardiovascular outcomes in patients treated with clopidogrel 
Cumulative riilf of card i o vascular death, myocardial infarction (Ml), or stroke for each genotype, with a p value 
across genotype. 

the results, and vouch for the accuracy and completeness 
of the data. 

Results 

For the 2932 patients in the TRITON-TIM I 38 genetic 
substudy, the average age was 60-2 (SD 10-9) years, 
831 (28%) were women, 2064 (70%) presented with non- 
ST-elevation acute coronary syndromes, and 868 (30%) 
presented with ST-elevation myocardial infarction. For 
ABCB1 3435C^T, 804 (27%) participants in the genetic 
study population were TT homozygotes, 1459 (50%) CT 
heterozygotes, and 669 (23%) CC homozygotes. Baseline 
characteristics in the TRITON-TIM I 38 trial by 3435C^T 
genotype are shown in the webappendix p 6. 

In patients in the TRITON-TIM I 38 genetic substudy 
who were allocated to treatment with clopidogrel (n=1471), 
3435C->T genotype was significantly associated with risk 
of the primary endpoint of cardiovascular death, myocardial 
infarction, or stroke (p=0 -0064; figure 1). TT homozygotes 
were at significantly increased risk compared with CC 
individuals (HR1- 69, 95% CI 1-05-2 72) ; CTheterozygotes 
were at similar risk to CC individuals (HR G- 94, 0-58- 
1*51). Thus, TT homozygotes for 3435C-*T had a 72% 
increased risk of the primary endpoint compared with CT/ 
CC individuals (Kaplan-Meier event rates 12-9% [52 of 414] 
vs7-8% [80 ofl057 participants]; HR 1-72, 95% CI 1-22- 
2-44, p=0-002) when assessed until 15 months. Among 
3435 TT versus CT/CC patients, the HR for cardiovascular 
death was 1 ■ 63 (Kaplan-Meier event rates 1 - 3% [five of 414) 
vs0-9% [eight of 1057]; 95% CI 0-53-4-98, p=0-388), that 
for non-fatal myocardial infarction was 1-82 (12*0% [AS of 
414] vs 6-8% [70 of 1057]; 1-26-2-62, p-0-0013), and that 
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Figure 2; ABCBl 3435C->T, CYP2C19r ar| d cardiovascular outcomes in patients treated with clopidogrel 

Cumulative riskof cardiovascular death, myocardial infarction (Ml), or stroke for the four genotype categories, with the p value across genotype category. 



for non-fatal stroke was 1-66 (0*6% [two of 414] vs 0-3% 
[three of 1057 participants]; 0 • 28-9 • 93 , p=0 • 575). Moreover, 
the increased risk was evident by 30 days, by which time 
the risk of the primary endpoint for the 3435 TT 
homozygotes was roughly twice as high as that for CT/CC 
individuals (Kaplan-Meier event rates 8-5% [35 of 414] vs 
4*5% [47 of 1057 participants]; HR 1-96, 95% CI 1-26- 
3*03, p=0 0022). 

Rates of stent thrombosis did not differ significantly 
between 3435 TT and CT/CC individuals (Kaplan-Meier 
event rates 1-3% [live of 396] vs 1-3% [12 of 1004 
participants]; HR 1*07, 95% CI 0- 38^3-04, p-0-9). Rates 
of TIM I major or minor bleeding not related to coronary 
artery bypass grafting did not differ significantly by 
genotype (Kaplan-Meier event rates 3-6% [15 of 414] TT 
homozygotes vs2-5% [26 of 1052] CT/CC individuals; HR 
1-49, 95% CI 0-79-2-82, p=0*214). 

To elucidate further the contribution of ABCB1 variants 
in the setting of treatment with clopidogrel, two other 
ABCB1 polymorphisms were explored: 2677G->T/A and 
1236C->X Neither variant was significandy associated 
with risk of cardiovascular death, myocardial infarction, 
or stroke (webappendix pp 2, 7, and 8). We constructed 
haplotypes using the three loci (1236C->T, 2G77G-»T/A, 
and 3435C-VT) and did not identify associations beyond 
what was seen for 3435C-*T alone (webappendix p 2). 

In a model containing both ABCB1 3435C->T genotype 
and CYP2C19 reduced-function allele carrier status in 
patients in the TRITON-TIM I 38 genetic substudy treated 
with clopidogrel, both variants were significant, 
independent predictors of cardiovascular death, myocardial 



infarction, or stroke (ABCBl 3435 TT vs CT/CC, HR 2-01, 
95% CI 1-30-3-11, p=0-0017; CYP2C19 reduced-function 
allele carrier vs non-carrier, HR 1-77, 1-11-2-80, p=0 • 0155). 
When the participants were divided into four groups on 
the basis of ABCBl 3435C-*T genotype and CYP2C19 
status (figure 2), the 773 patients (53% of 1454 genotyped) 
who did not carry at-risk genotypes in either gene had a 
low rate of cardiovascular death, myocardial infarction, or 
stroke at 15 months (Kaplan-Meier event rate 6- 3%, 48 of 
773 participants). By contrast, event rates were significantly 
higher in the 681 patients (47% of 1454 genotyped) who 
were either carriers of a CYP2C19 reduced-function allele 
only (Kaplan-Meier event rate 11 * 5%, 29 of 268 participants), 
ABCBl 3435 TT homozygotes only (Kaplan-Meier event 
rate 12*6%, 35 of 288 participants), or both (Kaplan-Meier 
event rate 13-6%, 17 of 125 participants) (pooled HR 1-97, 
95% CI 1-38-2-82, p=0.0002). 

When we examined the early timepoint of 30 days, 
individuals who did not carry either at-risk variant were at 
low risk (Kaplan-Meier event rate 4-0%, 31 of 
773 participants), those who were either ABCBl 3435 TT 
homozygotes or carriers of a CYP2C19 reduced-function 
allele were at intermediate risk (Kaplan-Meier event rate 
7-0% [20 of 288 participants] for TT homozygotes and 
6-0% [16 of 268 participants] for carriers of a reduced- 
function allele; pooled HR 1-64, 95% CI 1-01-2-65, 
p=0 *0441 vs carriers of neither), and individuals who were 
both CYP2C19 reduced-function allele carriers and ABCBl 
3435 TT homozygotes were at high risk (Kaplan-Meier 
event rate 12 - 0%, 15 of 125 participants; HR 3 ■ 16, 95% CI 
171-5-85, p«0'0003 vs carriers of neither). 
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There was no significant association "between ABCB1 
3435C-»T genotype and risk of cardiovascular death, 
myocardial infarction, or stroke among patients in the 
TRITON-TIMI 38 genetic substudy who had been 
allocated to prasugrel (n=1461; figure 3 and webappendix 
p 2), Specifically, TT homozygotes did not have a 
significantly higher risk of the primary efficacy endpoint 
of cardiovascular death, myocardial infarction, or stroke 
than did CT/CC carriers (Kaplan-Meier event rates 
11-096 [41 of 390] vs 8-7% [91 of 1071 participants]; HR 
1-25, 95% CI 0.86-1.81, p=0.235) when assessed until 
15 months. Rates of TIM I major or minor bleeding not 
related to coronary artery bypass grafting did not differ 
significantly by ABCB1 3435C->T genotype 
(webappendix p 2). In terms of other ABCB1 variants, 
the 2677G-»T/A and 1236C^T genotypes overall were 
not significantly associated with risk of the primary 
efficacy endpoint in patients treated with prasugrel, 
although there was a non-significant trend for 2677 TT 
homozygotes versus CT/CC individuals to be at 
increased risk (Kaplan-Meier event rates 11*8% [29 of 
253] vs 8-8% [94 of 1104 participants]; HR 1-38, 95% CI 
0-91-2.09, p=0>1290; webappendix pp 3, 9, and 10). 
When we divided patients on the basis of ABCB1 
3435C-*T genotypes and CYP2C19 status, rates of 
cardiovascular death, myocardial infarction, or stroke at 
15 months were similar in the four groups (p=0-4851, 
figure 4). 

In healthy participants treated with clopidogrel, ABCB1 
3435 TT homozygotes had a diminished pharmaco- 
dynamic effect, with an absolute reduction in maximum 
platelet aggregation in response to a clopidogrel loading 
dose that was 7* 3 percentage points lower (ie, less platelet 
inhibition) than that seen in CT/CC individuals 
(p=0-0127). After adjustment for CYP2C19 genotype, the 
response was 6-6 percentage points lower (p=0<022). 
The pharmacodynamic effects of clopidogrel on TT 
carriers were discernible only after a loading dose (for 
both 300 mg and 600 mg); no significant association was 
identified during maintenance dosing. There was no 
significant association between 3435C->T genotype and 
exposure to clopidogrel active metabolite concentrations. 
In prasugrel-treated individuals, 3435C-*T genotype was 
not significantly associated with platelet response 
(1-3 percentage points higher; p=0-4345) or exposure to 
prasugrel's active metabolite. There was no relation 
between genotype status for either 2677G-*T/A or 
1236C-»T and pharmacodynamic outcomes in patients 
treated with clopidogrel or prasugrel. 

Discussion 

The pharmacological and clinical response to clopidogrel 
varies widely between patients, and genetic variants in 
CYP2C19 have been shown to affect the response. 
P-glycoprotein is important in drug transport, and 
pharmacogenetic interactions with various classes of 
drugs have been suggested." Our findings show that TT 
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Figure S: ABCB1 3435C-»T and cardiovascular outcomes En patients treated with prasugrel 

Cumulative risk of cardiovascular death, myocardial infarction (Ml), or stroke for each genotype, with a p value 

across genotype. 

homozygotes for the 3435C^T variant in ABCB1 (27% 
of the study population), as compared with CT/CC 
individuals, had reduced platelet inhibition with a 
clopidogrel loading dose in a healthy study population 
and a significantly increased risk of adverse 
cardiovascular events during treatment with clopidogrel 
in patients with acute coronary syndromes undergoing 
percutaneous coronary intervention. When we 
considered ABCB1 3435C-*T genotype in the context of 
CYP2C19 reduced-function allele status in patients 
treated with clopidogrel, we showed that variants in the 
two genes offered significant, independent information 
about the risk of cardiovascular death, myocardial 
infarction, or stroke. Conversely, there were no 
significant associations between the ABCB1 variants 
tested and the response to prasugrel. 

ABCB1 encodes the P-glycoprotein efflux transporter. 
Clopidogrel is a P-glycoprotein substrate, and inhibition 
of P-glycoprotein affects the bioavailability of clopidogrel. 16 
The 3435C-»T variant in ABCB1 is one of the most 
studied polymorphisms in pharmacogenetic research, 
and has been associated with altered disposition of 
several drugs, 16 Although a genome-wide association 
study identified only CYP2C19 as being associated with 
the pharmacodynamic response to clopidogrel, that study 
showed that platelet response to clopidogrel was highly 
heritable and was not entirely accounted for by CYP2C19 
status, suggesting that additional genetic variants might 
be relevant In a study of patients treated with clopidogrel 
after elective percutaneous coronary intervention, 
3435 IT homozygotes had significantly lower active 
clopidogrel metabolite concentrations than did CT/CC 
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Figure 4: A6CB1 3435C— >T, CYP2C19, and cardiovascular outcomes in patients treated with prasugrel 

Cumulative risk of cardiovascular death, myocardial infarction (Ml), or stroke for the four genotype categories, with the p value across genotype category. 



individuals, suggesting increased intestinal efflux 
possibly mediated by higher P -glycoprotein expression 
associated with the 34-35 IT genotype," Although 
evidence on P-glycoprotein expression and activity is 
inconsistent, mRNA expression in duodenal enterocytes 
has been reported to be two-to-three-times higher for the 
ABCB1 3435 TT genotype than for either the CC or CT 
genotype. 27 " 29 In the healthy participants in our analysis, 
TT homozygotes had an absolute reduction in maximum 
platelet aggregation after a loading dose of dopidogrel 
that was 7-3 percentage points lower (ie, decreased 
platelet inhibition) than in CC or CT individuals. 
Although we did not record a significant association 
between 3435C-^T genotype and pharmacokinetic data, 
other researchers have shown this relation, and the 
differences in results could be related to patients, 
methods, and single-centre versus multicentre 
study design. 

In terms of clinical outcomes, we showed that ABCB1 
3435 TT homozygotes had a 72% increased risk of adverse 
cardiovascular events compared with CT/CC individuals in 
the setting of treatment with dopidogrel in TRITON- 
TIM I 38. Likewise, in a previous study in patients receiving 
dopidogrel after an acute myocardial infarction, those who 
were 3435 TT homozygotes had an increase of about 70% 
in cardiovascular events during follow-up. ,l} In that previous 
study, however, 3435 CT heterozygotes were also at 
increased risk of adverse cardiovascular events, albeit less 
so than were TT homozygotes; the differences in the 
findings could be attributable to the patient populations. 
Combination of the results of the previous study and our 
findings yielded an apparent graded allele-dose response 



with an HR for adverse cardiovascular events of 1-29 
(95% CI 0 • 99-1 ■ 69) for 3435 CT versus CC individuals and 
a HR of 1 ■ 70 (1 - 28-2 . 26) for 343 5 TT versus CC individuals. 
Incorporation of dinical data from other studies will be 
helpful to further refine the risk estimates. In our analysis, 
2677G-H.T/A and 1236C^T genotypes did not add 
additional significant information. Nonetheless, further 
basic genetic pharmacology studies could be helpful to 
further define the actual functional ABCB1 variants and 
the most appropriate genetic model with respect to 
response to dopidogrel. 

In our study, assessment of the contribution of ABCB 1 
variants in the context of CYP2C19 showed that variants 
in the two genes offered complementary information 
about cardiovascular risk. When we divided patients into 
four groups on the basis of ABCB1 3435C-*T and 
CYP2C19 reduced-function allele status, rates of 
cardiovascular death, myocardial infarction, or stroke 
until 15 months were nearly twice as high in the study 
population who were either carriers of a CYP2C19 
reduced-function allele, 3435 TT homozygotes, or both, 
compared with individuals who did not carry either. 
Moreover, when both ABCB1 and CYP2C19 were taken 
into account, in this population of patients with an acute 
coronary syndrome undergoing percutaneous coronary 
intervention, nearly half of the population carried a 
genotype assodated with increased risk of major adverse 
cardiovascular events during treatment with standard 
doses of dopidogrel. 

In patients taking prasugrel in TRITON-TIMI 38, 
ABCB2 3435C^T polymorphisms were not significantly 
assodated with cardiovascular outcomes. Likewise, in 
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healthy participants, no associations between the 
3435C-»T variant and pharmacokinetic and pharma- 
codynamic outcomes were seen with prasugrel. The 
rapid metabolism of prasugrel might mitigate the genetic 
effect of ABCB1 3435C-VT polymorphisms, even though 
the drug is subject to the P-glycoprotein system. Among 
participants treated with prasugrel, there was a non- 
significant trend towards 2677 TT homozygotes having 
higher rates of adverse cardiovascular events compared 
with the rest of the population. No association was seen 
with 2677G-*T/A and the pharmacological data. Future 
studies will assist in further examination of these 
exploratory findings. 

There are several limitations to this analysis. First, few 
non-Caucasian individuals were included in these studies, 
and future investigations in other populations would be 
useful. Second, because of the sample handling and the 
need for repeat measurements for the pharmacokinetic 
and pharmacodynamic assessments, these investigations 
were done in healthy individuals, not in the acute clinical 
trial study population. Third, in our clinical outcomes 
study, patients treated with dopidogrel received a 300 mg 
loading dose and 75 mg daily maintenance dose, and 
patients treated with prasugrel received a 60 mg loading 
dose and 10 mg daily maintenance dose; we cannot 
comment on the effect of ABCB1 genetic variants in 
patients receiving other doses of these drugs. Fourth, the 
number of bleeding and stent thrombosis events was 
small, and our analysis had restricted power to detect an 
association between the tested ABCB1 variants and these 
outcomes. Additional studies that include more such 
events will be particularly important to further elucidate 
the relations between ABCB1 genetic variants and 
outcomes. Finally, there might be other genetic variants 
affecting the association between treatment with 
dopidogrel and cardiovascular outcomes. 

In condusion, we found that ABCB1 3435 TT 
homozygotes had an increased risk of adverse 
cardiovascular outcomes during treatment with 
dopidogrel after an acute coronary syndrome and percu- 
taneous coronary intervention. Thus, the assodation 
between ABCB1 polymorphisms and ischaemic risk in 
patients treated with dopidogrel has been noted now in 
several pharmacological and dinical outcomes studies. 
Our analysis also shows that the pharmacogenetic effects 
of ABCB1 3435C-VT are independent of and com- 
plementary to those of CYP2C19. As dinidans, 
professional societies, and patients integrate information 
about genetic factors affecting the response to 
thienopyridines, the roles of both ABCB1 and CYP2C19 
should be considered. 
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Editorial 



Responding to the Clopidogrel Warning by the US Food 

and Drug Administration 

Real Life Is Complicated 

Dan M. Roden, MD; Alan R. Shuldiner, MD 



A sine qua non for drug approval by the US Food and 
Drug Administration (FDA) is demonstrated efficacy in 
populations of patients. However, it is virtually axiomatic that 
individuals vary in their responses to drugs, Work over 
decades has built a knowledge base that describes the role of 
genetic variation as a modulator of both drug efficacy and 
rare adverse drug effects. 1 This increasing understanding of 
the role of genetics in variable drug responses led the FDA in 
2007 to begin to incorporate pharmacogenetic information in 
drug labels. 2 

Article see p 537 

In some cases, available data have allowed drug labeling to 
include specific and highly directive advice. For example, 
empirical studies, followed by a large randomized clinical 
trial, demonstrated that preprescription genotyping to avoid 
the antiretroviral agent abacavir in patients carrying the 
human leukocyte antigen B*5701 variant can strikingly 
reduce, if not eliminate, the risk of drug-related severe skin 
reactions. 3 > 4 The FDA label now carries the unambiguous 
warning stating that such testing should be done and the drug 
not prescribed in patients with the variant. However, it is 
likely that single genetic variants with such large effects and 
predictive value on drug response or adverse effects are more 
often the exception than the rule; rather, a few or many 
genetic variants, each with relatively modest effect, contrib- 
ute to a continuum of drug response in the treated population. 
Defining the clinical utility of such genetic variants poses 
important challenges to how pharmacogenetic information 
may be incorporated into practice. The widespread use of 
clopidogrel, with its well-documented large interindividual 
variation in response to the drug and the emerging under- 
standing of the genetics of that variability, is the latest 
example of such a challenge. 
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What Is Known 

Remarkably, when clopidogrel was approved in 1997, its 
mechanism of action was not known. Great interindividual 
variability in response was recognized soon after, 5 and since 
then, we have learned that clopidogrel must First be converted 
to an active metabolite, which then binds and irreversibly 
inhibits P2Y12 (ADP) receptors on platelets to exert its 
antiplatelet effect. 6 Studies indicate that this bioactivation 
step is largely but not exclusively dependent on the activity of 
a specific hepatic cytochrome P450 enzyme, termed 
CYP2C19. 7 There are several common variants of the 
CYP2C19 gene. The normally functioning allele is termed *1, 
but the *2 allele, which results in loss of function of the 
encoded protein, is common across many populations. Ho- 
mozygotes for the loss of function allele (poor metabolizers) 
represent 2% to 3% of whites and blacks, and up to 15% to 
20% of East Asians; heterozygotes represent 30% to 35% and 
40% to 45% of these populations, respectively. When ex vivo 
measures of platelet aggregation are used to define drug 
effect, loss of function alleles can be shown to decrease drug 
action in a gene-dose dependent fashion 7 - 8 ; that is, individuals 
treated with clopidogrel with the *2/*2 genotype are less 
responsive than those with the *l/*2 genotype (intermediate 
metabolizers) who in turn are less responsive than those with the 
*1/*1 genotype. The surrogate end point of inhibition of platelet 
aggregation has been partially validated by retrospective exam- 
inations of outcomes in patients receiving the drug for clinical 
indications, in which *2/*2 homozygotes (and possibly also 
*l/*2 heterozygotes) display increased cardiovascular event 
rates compared to those with the genotype. 8 - 10 These 
recent findings have led to the FDA-mandated black box 
label for clopidogrel that now alerts physicians and pa- 
tients of the role of common CYP2C19 gene variants in 
mediating the drug's actions. 

What Is Uncertain 

Despite the dependency of clopidogrel bioactivation on 
CYP2C19 activity, not all studies show increased cardiovas- 
cular events in patients on clopidogrel with the *l/*2 geno- 
type compared to those with * 1/* l. 10 In addition, the effect of 
rarer CYP2C19 variants that reduce enzyme function (eg, *3 
or *5) has not been studied. Emerging data suggest that 
CYP2C19*17, a relatively common allele that results in 
increased enzyme expression and activity, may be associated 
with a modest increase in clopidogrel responsiveness. 11 - 12 
However, the *2 and *17 variants are in linkage disequilib- 
rium, so it is not certain that the effects of this variant are 
independent of that of the *2 variant. 13 Some proton pump 
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inhibitors (PPIs), notably omeprazole, 14 are potent CYP2C19 
inhibitors, and omeprazole's reversal of clopidogrel's effect 
on ex vivo measured platelet function is readily demon- 
strated. However, there are highly contradictory data on 
whether coadministration of PPIs and clopidogrel alters 
cardiovascular event rates. 15-17 

Most importantly, no studies have been published to define 
a clinical strategy that would exploit this phannacogenetic 
information to optimize outcomes with clopidogrel. Thus, for 
example, although increasing the dose in *2/*2 subjects 
seems rational, limited available data do not strongly support 
this strategy. 18 Whereas the FDA's warning does serve to 
bring the attention of the prescribing community to new data 
that affects variability in response to drug therapy, the 
advisory has also generated concern because the practitioner 
is only offered a series of possible responses, none of which 
has been tested in any reasonable fashion. 

Why Is This So Confusing? 

We suggest that one explanation for this confusion arises 
from differing expectations — in the genetics community, 
among clinicians, and perhaps among regulators — over the 
contribution of single genetic variants to common human 
traits. In the genomics community, there is now an emerging 
consensus that common gene variants explain a smaller 
proportion of the heritability of common diseases than had 
been anticipated. 19 Pharmacogenetics "hype" has promul- 
gated a vision that knowing one or a few genotypes might 
allow a clear distinction between responders and nonre- 
sponders or help identify those likely to suffer catastrophic side 
effects. This can happen — abacavir is one example — but the 
reality is that biology is often much more complicated than a few 
arrows on a simple linear drug response pathway: clopidogrel — > 
bioactivation (by a single gene product) —> effect. 

In the case of clopidogrel, we do have data: For example, 
a large study in the Amish, a group with extensive family 
relationships, showed that the genetic component of variabil- 
ity in the extent to which clopidogrel inhibits ADP-triggered 
platelet aggregation was ^70%. 20 A genome- wide associa- 
tion study identified the CYP2C19 locus as the single most 
important contributor to this variability, but the contribution 
of variability was "only" ^12%. To a clinician, that may 
sound like a small number, but to a geneticist this is an 
enormous contribution. Importantly, there were no other 
strong association signals apparent in the genome-wide asso- 
ciation study suggesting that the majority of the genetic 
variability in clopidogrel response may be due to more 
modest effects of many other common variants or perhaps 
rare or other kinds of genetic variants that escaped detection 
with current genome-wide association study methodology. 

This moderate influence of genetic variation in CYP2C19 
may also explain some of the uncertainties over the PPI 
effect: it is conceivable that an interaction between PPIs and 
clopidogrel would only be clinically meaningful in individu- 
als with reduced CYP2C19 activity (eg, *l/*2), whereas 
*1/*1 homozygotes would display sufficient enzyme activity 
that PPI coadministration would not alter platelet inhibition. 
This is a hypothesis to be tested, and in any case, as with all 
drug therapy, it is important to weigh risks and benefits, and 



a major benefit of PPIs in this setting is prevention of 
gastrointestinal hemorrhage. 21 

A recurring theme in complex traits, like pharmacogenom- 
ics, is that genetic variation does not confer absolutes, but 
rather alters probabilities of particular outcomes. This neces- 
sarily means that while drug responses may be stochastic 
("good" or "bad") in an individual, this is rarely the case in a 
population: event rates in patients receiving effective P2Y12 
inhibition are not zero, nor are they 100% in patients not 
receiving drug, or in those genetically unable to generate 
active drug. Physicians can be quite adept at considering 
multiple lines of probabilistic evidence-based data in formu- 
lating a treatment plan for a given patient. However, they are 
now presented with an FDA warning on CYP2C19 and 
clopidogrel in the face of a gap in knowledge as to how to 
incorporate the CYP2C19 genotype into their clinical 
decision-making practices. 

What Response Might a Clinician Adopt? 

The accompanying American College of Cardiology Foun- 
dation/American Heart Association Clopidogrel Clinical 
Alert 22 nicely outlines possible actions by clinicians: 

• Do nothing; follow guidelines: This is a default position, 
and is tenable in the absence of availability of any other 
data or testing. This may especially be the case in an 
interregnum (now) between identification of an important 
predictor of drug response like CYP2C19 genotype and 
solid data on how reasonably to respond to it. 

• Use platelet function testing as an alternative to genetic 
testing: Variability in response to clopidogrel is reminis- 
cent of variable warfarin response; here too, there contin- 
ues to be argument over the utility of preprescription 
genotyping as an adjunct to international normalized ratio 
measurements. The best test of platelet function and how 
this should be deployed in practice is not yet standard- 
ized 23 - 24 ; One appealing option is to incorporate both 
genetic testing and platelet function monitoring into man- 
agement of P2Y12 inhibitor therapy. 13 - 24 Initial genetic 
testing will identify patients at risk for drug failure, 
whereas intermittent platelet function testing could be 
viewed as analogous to international normalized ratio 
measurements for warfarin and allow the clinician to 
address the variance in drug acdon even after CYP2C19*2 is 
factored in. 

• Use preprescription genotyping to guide therapy: Because 
many cardiovascular events occur within the first few hours 
to days after percutaneous coronary intervention, a rapid 
turnaround time is essential. The questions here are how 
and whether to adjust clopidogrel dose or to choose an 
alternative drug; and in whom: just poor metabolizers 
(*2/*2 homozygotes) or also in intermediate metabolizers 
(*l/*2 heterozygotes)? In addition, third-party payers may 
or may not reimburse for genetic testing without the 
evidence base to support its efficacy, 

• Ignore clopidogrel and prescribe "alternate P2Y12 inhibi- 
tors" (ie, prasugrel for now) to all: Prasugrel action does 
not appear to be affected by CYP2C19 genotype. In the 
Trial to Assess Improvement in Therapeutic Outcomes by 
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Optimizing Platelet Inhibition With Prasugrel — Thrombol- 
ysis in Myocardial Infarction 38 (TRITON-TIMI 38) trial, 
the drug resulted in fewer cardiovascular events but more 
bleeding. 25 Thus, use of prasugrel in all patients would 
preempt CYP2C19 genetic testing but increase exposure to 
adverse bleeding complications. To increase the benefit: 
risk ratio and manage costs, a more individualized ap- 
proach might be to prescribe clopidogrel in patients with- 
out at-risk genotypes and other drugs such as prasugrel in 
subjects with CYP2C19 variant genotypes. This option 
might also be cost effective, with clopidogrel coming off 
patent and soon to be much less expensive than newer 
agents. However, as the American College of Cardiology 
Foundation/American Heart Association Clopidogrel Clin- 
ical Alert correctly points out, the evidence base for this 
option currently does not exist. 

It is clear that none of these options are well supported by 
data and that major issues are unsettled: eg, which platelet 
function test is best, how to get timely genetic data on which 
to act, how to act, and the economics of genetic testing versus 
complications avoided. 

Practice Versus Regulation 

The drug label is meant to convey important information for 
drug use and for marketing. 26 Thus, we believe that the FDA 
has little choice but to inform prescribers of new information 
that may affect the way in which their patients respond to 
drugs. To ignore the CYP2C19 data would be to place the 
regulatory agency in the unconscionable position of having a 
label that does not accurately describe the risks and benefits 
of drug treatment. 

The uncertainties over the use of genetic testing in the 
management of clopidogrel and other drugs, such as warfarin 
or tamoxifen, reflect impressive progress in pharmacogenet- 
ics coupled to uncertainties over how to incorporate that 
progress into practice. This is the paradox of evidence-based 
medicine in populations versus individualized medicine. 
Whereas the "gold standard" for altering practice is the 
randomized clinical trial, a major challenge remains develop- 
ment of methods to deploy what we know about genomic 
variation and human traits. The conduct of randomized 
clinical trials in large unselected populations, most of whom 
will not carry risk alleles, is inefficient and cost prohibitive. 
Thus, it will be important to consider novel study designs 
such as genotype enrichment in populations at high risk for 
events, and comparative effectiveness study designs incorpo- 
rating genetics that clearly define treatment options superior 
to the current standard of care. 

Ignoring the newly emerging data on CYP2C19 genotype 
and clopidogrel response does not seem to be the best 
approach. Another way of looking at the tension in this area 
is to pose the question: "If the genotyping data were readily 
and simply available at the time of prescribing, should it be 
used?" Stated this way, the answer would almost certainly be 
"yes": there seems little downside to at least knowing which 
patients can take the standard dose of the about-to-be cheaper 
drug and which need extra thought. This idea, which might 
easily apply to many drugs, can be posed because of an 



extraordinarily rapidly evolving genotyping environment: We 
are 1 to 2 years (at most) away from sub-$1000 whole 
genome sequencing. This kind of technological development, 
which raises a myriad of operational, ethical, educational, 
interpretative, and regulatory challenges, 27 will enable a 
much broader view of how near-future pharmacogenomic 
discoveries will be translated into clinical practice. 
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Greater Clinical Benefit of More Intensive Oral Antiplatelet 
Therapy With Prasugrel in Patients With Diabetes Mellitus 
in the Trial to Assess Improvement in Therapeutic 
Outcomes by Optimizing Platelet Inhibition With 
Prasugrel-Thrombolysis in Myocardial Infarction 38 

Stephen D, Wiviott, MD; Eugene Braunwald, MD; Dominick J, Angiolillo, MD, PhD; 
Simha Mdsel, MD; Anthony J, Dalby, MD; Freek W.A. Verheugt, MD; Shaun G, Goodman, MD; 
Ramon Corbalan, MD; Drew A. Purdy, MD; Sabina A. Murphy, MPH; Carolyn H. McCabe, BS; 
Elliott M. Antman, MD; for the TRJTON-TIMI 38 Investigators 

Background— Patients with diabetes mellitus (DM) are at high risk for recurrent cardiovascular events after acute coronary 
syndromes, in part because of increased platelet reactivity, The Trial to Assess Improvement in Therapeutic Outcomes 
by Optimizing Platelet Inhibition With Prasugrel-Thrombolysis in Myocardial Infarction 38 (TRITON-TIMI 38) 
showed an overall reduction in ischemic events with more intensive antiplatelet therapy with prasugrel than with 
clopidogrel but with more bleeding. We compared prasugrel with clopidogrel among subjects with DM jn 
TRITON-TIMI 38. 

Methods and Results— We classified 13 608 subjects on the basis of preexisting history of DM and further according to 
insulin use. Prespecified analyses of the primary (cardiovascular death, nonfatal myocardial infarction, or nonfatal 
stroke) and key secondary end points, including net clinical benefit (death, nonfatal myocardial infarction, nonfatal 
stroke, and nonfatal TIMI major bleeding) were compared by use of the log-rank test. We found that 3146 subjects had 
a preexisting history of DM, including 776 receiving insulin. The primary end point was reduced significantly with 
prasugrel among subjects without DM (9.2% versus 10,6%; hazard ratio [HR], 0.86; P^Ol) and with DM (12,2% 
versus 17.0%; HR, 0.70; ^<0.001, ^^=0.09). A benefit for prasugrel was observed among DM subjects on insulin 
(143% versus 22.2%; HR, 0.63; ^=0.009) and those not on insulin (1J.5% versus 153%; HR, 0.74; P=0.009), 
Myocardial infarction was reduced with prasugrel by 18% among subjects without DM (7.2% versus 8.7%; HR, 0.82; 
/>=0.006) and by 40% among subjects with DM (8.2% versus 13.2%; HR, 0.60: P<0.00] , /^ ttrJClkin =0,02). Although 
TIMI major hemorrhage was increased among subjects without DM on prasugrel (1.6% versus 2.4%; HR, 1.43; 
^=0.02), (he rates were similar among subjects with DM for clopidogrel and prasugrel (2.6% versus 2.5%; HR. J. 06; 
P=0.8l, / > i„, eraci i W i=0.29). Net clinical benefit with prasugrel was greater for subjects with DM (14.6% versus 19,2%; 
HR, 0.74; P=0.00!) than for subjects without DM (11.5% versus 123%; HR, 0.92; Z^O.16, ^„ erjrfi(in =0,05). 

Conclusions— Subjects with DM tended to have a greater reduction in ischemic events without an observed increase in 
TIMI major bleeding and therefore a greater net treatment benefit with prasugrel compared with clopidogrel. These data 
demonstrate that the more intensive oral antiplatelet therapy provided with prasugrel is of particular benefit to patients 
with DM. (Circulation. 2008;118:1626-1636.) 

Key Words: angioplasty ■ anticoagulants ■ myocardial infarction m platelets ■ diabetes mellitus 
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The global prevalence of diabetes mellhus (DM) has been 
estimated al > 170 million individuals and is rapidly 
increasing, with projections of >350 million by 2030. 1 Wilh 
improved control over other cardiovascular risk factors, the 
burden of cardiovascular disease attributable to DM is in- 
creasing.-- 1 Among patients wilh acute coronary syndromes 
(ACS), those with DM are at higher risk for subsequent 
events, including death, independent of other comorbidities 4 ; 
indeed, patients with DM but without known cardiovascular 
disease are at a risk of morbidity and mortality after ACS 
similar to that of patients without DM but with known 
cardiovascular disease. 5 Several mechanisms may play 
roles in the increased risk of events in patients wilh DM, 
including greater frequency of other cardiac risk factors, a 
greater burden of atherosclerotic disease, hyperglycemia, in- 
flammation, and a greater tendency toward thrombosis/- * De- 
spile initial favorable data, results of definitive studies of insulin 
therapy in patients with ACS have not demonstrated benefit, 9 - 1 r 
Platelet activation and aggregation arc key factors in the 
development of ACS and its complications. It has been 
known for decades that platelets from patients with DM arc 
characterized by increased reactivity. 12 * 13 Intensive intrave- 
nous blockade of platelet aggregation in subjects with ACS 
using glycoprotein llb/Hla receptor inhibitors (GPls) appears 
to be of particular benefit among subjects with DM.. 7 - 1 * A 
meta-analysis of >30 000 subjects from the acute GPi trials 
revealed a significant 26% relative reduction in mortality 
among subjects with DM, a significant 70% relative mortality 
reduction among diabetic subjects undergoing percutaneous 
coronary intervention (PCI), and no mortality benefit among 
subjects without DM. 7 - 14 
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Prasugrcl is a third-generation thienopyridine antiplatelet 
agent that, like clopidogrel, exerts its antiplatelet effect by 
P2Y t2 receptor blockade. 15 Treatment wilh prasugrel results 
in higher and more consistent levels of platelet inhibition than 
standard- or higher-dose clopidogrel. 16 J7 In the Trial to 
Assess Improvement in Therapeutic Outcomes by Opti- 
mizing Platelet Inhibition With Prasugrel-Thrombolysts in 
Myocardial 38 (TRITON-TIM! 38), treatment with prasugrel 
compared with clopidogrel resulted in a 19% lower incidence 
in cardiovascular death, nonfatal myocardial infarction (Ml), 
or nonfatal stroke but with more bleeding among patients 
with ACS in whom PCI was planned. 1 * Several studies 
using multiple methods of measurement of platelet func- 
tion have demonstrated less inhibition and greater rates of 
poor antiplatelet response to clopidogrel among subjects wilh 
DM.. 19 - 2 * We hypothesized that because of the increased 
platelet reactivity and higher reported rates of poor response 
to clopidogrel among patients with DM, we would observe a 
greater benefit for prasugrel compared with clopidogrel 
among subjects with DM in TRITON-TIMI 38. 

Methods 

Study Population 

This analysis includes all 13 60S subjects randomized into the- 
TRITON-TIMI 38 trial stratified by DM status, a prcspecifled 



subgroup, Inclusion and exclusion criteria for the main trial have 
previously been published in detail.** Briefly, subjects were eligible 
for enrollment if they had moderate- to high-risk unstable angina 
(UA/NSTEMI), after medical treatment for ST-segment elevation 
MI (STEM1) with coronary anatomy known to be suitable for PCI, or 
before cardiac catheterization with planned primary PCI for STEM). 
Key exclusion criteria included increased risk- of bleeding and any 
thienopyridine within 5 days before enrollment. A history of DM for 
each subject was established from the report of the local investigator 
on the case record form. Subjects were classified on the basis of 
treatment with insulin before enrollment in TRITON-TIMI 38, 

End Points 

End-point definitions for TRITON-TIMI 38 have been published 
previously and were used for this analysis. 1 H 24 All components of the 
end points were adjudicated by a clinical events committee blinded 
to treatment assignment. The primary end point of TRITON-TIMI 38 
and this analysis was the composite of cardiovascular death, nonfatal 
Ml, or nonfatal stroke. Additional efficacy end points examined 
included the individual assessment of cardiovascular death, MI, or 
stent thrombosis using the definite/probable Academic Research 
Consortium definition. 2 ^ 6 The key safely end point was non- 
coronary artery bypass grafting (CABG)-related TIMI major bleed- 
ing; secondary analysis was of non-CABG-related TIM I major or 
minor bleeding as previously defined, 24 Net clinical benefit was 
defined as the composite of all-cause mortality, nonfatal MI, nonfatal 
stroke, or nonfatal TIMI major bleeding not related (o CABG. 1 * 
Efficacy event rates are calculated from intention-io-treat analyses, 
and safety analyses are based on the safety cohort. 1 * 

Statistical Analysis 

Baseline characteristics of subjects with and without DM were 
compared by the x 2 test for categorical variables and the Wiicoxon 
rank-sum test for continuous variables. Because randomization was 
not stratified by DM status, baseline characteristics were compared 
among subjects with and without DM by treatment assignment. 
Survival analysis methods were used to compare outcomes by 
treatment assignment (prasugrel versus clopidogrel) and to compare 
outcomes by presence or absence of DM. Event rates are reported 
using Kaplan-Meier estimates at 450 days. Comparisons are ex- 
pressed as hazard ratios (HRs) and 957c CIs including the entire 
duration of follow-up. Testing for an interaction between the efficacy 
of prasugrel compared with clopidogrel and diabetic status was 
performed by constructing a Cox proportional-hazards model 
using terms for both the main effect and the interaction. Given the 
number of subjects enrolled, the proportion of subjects with DM t 
and the overall reduction in the primary end point with prasugrel 
in the total cohort, there was 80% power at an a level of 0.05 to 
detect an interaction HR (ic, the ratio of the HRs for benefit of 
prasugrel in the DM and non-DM groups) of 0.70; assuming an 
t*=0.10, there was 80% power to detect an interaction HR of 0.73, 
For all analyses, values of P<0.Q5 were considered significant. All 
analyses were performed with STATA/SE 9.2 (ST ATA Corp, 
College Station, Tex). 

The sponsors of TRITON-TIMI 38 supported the design and 
implementation of the main friaf from which these results are 
obtained. AH analyses were performed by the TIMI Study Group 
using an independent copy of die complete clinical trial database. 
The authors wrote al! drafts of the article and lake responsibility for 
its content. The sponsors had the opportunity to review and comment 
on this article but had no editorial authority, 

Results 

Baseline and Procedural Characteristics 

Of 13 608 subjects randomized into TRITON-TIMI 38, 3146 
(23%) had DM, with 776 (6%) reporting treatment with 
insulin. Baseline characteristics by diabetic status are shown 
in Table J. Subjects with DM were more likely to have 
UA/NSTEMI, to be older, to more often be female, and to 
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Table 1. Baseline Characteristics 



Characteristic 



Subjects With 
DM 
(n=3146) 



Subjects Without 
DM 
(11=10 462} 



UA/NSTEMI, % 
STEM, % 

Age, median (25th, 75th 
percentiles), % 

Age >75 y t % 

Female gender, % 

BMJ, median (251h, 75th 
percentifes), % 

Weight, % 

<70 kg 

70-90 kg 

>90 kg 
White race, % 
Region ot enrollment, % 



79 
21 

63(55, 71) 

15 
33* 
29(26, 33) 

15 
45 
40 



73 
27 

60 {52, 69) 

13 
24 

27 (25, 30) 

20 
52 
29 
94 



<0.001 

<0.001 

<0.0G1 
<0.0O1 
<0.001 

<Q,QQ1 



<0.001 
<0.001 



North America 


36 


31 




Western Europe 


22 


27 




Eastern Europe 


21 


25 




Middle East/Africa/Asia 
Pacific 


10 


13 




South America 


5 


4 




History of hypertension, % 


80 


59 


<0.001 


History of 

Hypercholesterolemia, % 


67 


52 


<0.001 


Current tobacco use, % 


27 


41 


<0401 


Prior Ml, % 


23 


16 


<0.001 


Prior CABG, % 


12 


6* 


<0.001 


Prior CVA/TIA, % 


6 


3 


<0.001 


Creatinine clearance <60 
mL/mm, % 


14 


10 


<0.001 


Bare metal stent onty, % 


43 


50 




Drua-eluling stent only, % 


52 


46 


<0.001 


Multivessel PCI, % 


17 


13 


<0.001 


6PI use f %t 


53 


55 


0-06 


Pharmacotherapies* % 








ACEJ/ARB 


85 


73 


<0.001 


p-Bfacker 


89 


88 


0.16 


Statin 


92 


92 


0,37 


CCB 


24 


16 


<0.001 


ASA 


99 


99 


0.81 



8MJ indicates body mass index; CVA, cerebrovascular accident; 71A T transient 
ischemic attach; ACEl, angiolens'm-ccfiverting enzyme inhibitor; ARB, angiotensin 
receptor blocker; CCB, calcium channel blocker, and ASA, aspirin. Probability value 
is for tne comparison of subjects with DM vs subjects without DM, 

'/V0.05 between subjects assigned to prasugrel vs clopidogrei within 
diabetes stratum (see text), 

tUse during index hospitalization. 

have a higher body mass index. DM subjects were more often 
from North America, had more frequent prior Ml and prior 
CABG, and were more likely to have hypertension or 
hypcrlipidemia but were less likely to be smokers. There was 
no difference in the frequency of PCI at the time of enroll- 



ment. For the index PCI, subjects with DM were more likely 
lo have multivessel PCI and were more likely to have 
received at least 1 drug-eluting stent than subjects without 
DM. Subjects with DM were more likely lo receive treatment 
with an angiolcnsin-converting enzyme inhibitor, an angio- 
tensin receptor blocker, or a calcium channel blocker but had 
similar rates of use of GPfs, statins, and aspirin. Baseline 
characteristics were well matched within the randomized 
treatment assignments (prasugrel versus clopidogrei). The 
only significant differences between treatment groups were 
that among subjects with DM more women were randomized 
to clopidogrei than prasugrel (36% versus 31%; />- 0.004) 
and that among nondiabetics slightly more subjects random- 
ized to prasugrel had prior CABG (7% versus 6%; P=0.03). 

Compared with subjects with DM not on insulin (Table I of 
the online Data Supplement), DM subjects on insulin were 
slightly younger, more often female, heavier, and more often 
enrolled in North America and more often had prior Ml, prior 
CABG, prior stroke, and renal dysfunction. Subjects on 
insulin were less likely lo receive only bare metal stents but 
otherwise had simitar adjunctive therapies. 

Outcomes by Diabetic Status 

Rates of thrombotic events were higher among subjects with 
DM than subjects without DM (Table 2). The primary end 
point was observed in 14.6% of subjects with and 9.9% of 
subjects without DM (HR, 1.45; 95% CI, 1.29 to 1.62; 
/ > <0.0001). A significantly increasing gradient of higher 
event rales was observed with a progression across cohorts 
from no DM to DM without insulin to DM on insulin (Table 
3). The primary end point was seen in 9.9% of subjects 
without DM, 13.4% of subjects with DM without insulin 
therapy, and 18.3% of subjects with insulin therapy {P for 
trend <0.000l). Ml was observed in 8.0% of subjects without 
DM and 10.7% of subjects with DM (HR, 1.30; 95% CI, 1.14 
to 1.49; / I =0.0001), with a similar gradient observed in the 
3-straium comparison (Table 3). Subjects with DM had a 
higher rate of stent thrombosis than (hose without DM (2.8% 
versus 1.4%; HR, 1.95; 95% CI, 1.47 to 2.59; i><0.0001)< 
with highest rates among subjects treated with insulin. After 
baseline demographic and treatment differences were con- 
trolled for, DM remained an independent predictor of ische- 
mic outcomes, including the primary end point, Ml, stent 
thrombosis, and net clinical benefit. 

Overall, major bleeding rates (2.6% versus 2.0%; HR, 
1.28; P=0.08) and major or minor bleeding rates (4.8% 
versus 4.2%; HR, 1.15; 95% CI, 0.95 to 1.4; P^0A5) were 
similar between subjects with and without DM, respectively, 
regardless of diabetes treatment. 

Prasugrel Compared With Clopidogrei by 
Diabetes Status 

A significant 14% overall reduction in the primary end point 
(Table 4 and Figure 1A) was seen with prasugrel among 
subjects without DM (P^0.02). Among subjects with DM, a 
30% reduction in the primary end point was observed with 
prasugrel (P<0.001, P intiOT =0.09). As a result of the 
relative benefits and event rates, the number needed to treat 
with prasugrel lo prevent I primary end-point evenl among 
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Table 2. Clinical Events by Diabetes Status (DM Versus No DM) 





No DM 
(n=10 462), % 


DM 

(n=3l46K % 


nn /o 


p 


CVD/MI/CVA* 


9.9 


14.6 


1.45 (1.29-1,62) 


<0.0001 


CVD/MI 


9.2 


13.1 


1.39 (1.23-1,56) 


<0.0001 


Mlt 


8.0 


■ 10.7 


1.30 0.14-1.49) 


0,0001 


CVO 


1,8 


3.8 


2.13(1 .68-2.70} 


<0.0001 


Stent thrombosis 


1,4 


2.8 


1.95(1,47-2.59) 


<0.0001 


Major bleed* 


2.0 


2.6 


1.28(0.97-1.68) 


0.08 


Major or minor bleed* 


4.2 


4.8 


1.15(0.95-1.41) 


0.15 


D/MI/CVA7major bleedf 


11.9 


16.9 


1.40 (1.26-1.56) 


<0.0001 



CVD indicates cardiovascular death; CVA, cerebrovascular accident; and D, death. 
•The composite of cardiovascular death, nonfatal Ml, or nonfatal stroke. 
fAny Ml (fatal or nonfatal). 
*Not related to CABG. 



subjects with DM was 21 compared with 7! subjects without 
DM, The reduction in ihe primary end point among subjects 
with DM was consistent across major subgroups (Figure 2). 
There were no significant interactions between treatment 
effect among patients with DM and presenting syndrome 
(UA/NSTEMI versus STEM I), gender, age, use of GPI, renal 
function, or slcnt type. The reduction in the primary end point 
with prasugrel was driven largely by a tower incidence of Ml 
(Figure IB). A highly significant 18% reduction in MI among 
subjects without DM (P=(L006) was observed, and there was 
a statistically greater 40% reduction in MI in subjects with 
DM (/><0.001, P jM1O(1 =0.02), The substantial reduction in 
stent thrombosis (Figure 1C) with prasugrel was similar regard- 
less of diabetic status, including 55% among those without DM 
(2.0% versus 0.9%; P<O.GOI) and 48% among subjects with 
DM (3,6% versus 2.0%; ^-0.007, P inl ™=0.63). Among 
patients with DM, slcnt thrombosis was reduced to a similar 
extent with prasugrel in the 1605 patients treated with a 
drug-eluting stent only (2.0% with prasugrel versus 3.5% with 
clopidogrel; HR, 0,53; 95% CJ, 0.28 to 1.02; P=0,054) and the 
1327 patients with bare metal stents only (1.9% versus 3.8%; 
HR, 0.52; 95% CJ, 0,26 to 1.04; P=0.06, P m ^ -0.95). 

Among subjects without DM, prasugrel treatment was 
associated with a 43% increase in non-CABG-related TIMI 



major hemorrhage (/ > =0.02). Although no significant differ- 
ence was seen in major hemorrhage in those with DM, no 
interaction between treatment and DM status was observed 
for major hemorrhage (Figure ID). Among patients without 
DM, TIMI major or minor bleeding not related to CABG was 
observed in 4.9% with prasugrel and 3.67c with clopidogrel 
(HR, L32; 95% CI, 1.08 to L6I ; ^0.006), Among patients 
with DM, TIMI major or minor bleeding was observed in 
53% with prasugrel and 4.3% with clopidogrel (HR, 1.30; 
95% CI, 0,92 to 1.82; P-0.13, ^^=0.93). 

The combination of a relatively greater reduction in ische- 
mic end points and no Increase in major bleeding among 
subjects with DM led to a statistically greater net clinical 
benefit for prasugrel among subjects with DM (Figure IE). 
Specifically, among subjects without DM, a nonsignificant 
8% reduction in the composite of all-cause mortality, nonfatal 
MI, nonfatal stroke, or nonfatal major bleeding (P=0. 16) was 
observed, whereas a statistically greater 26% reduction in this 
composite outcome was seen for subjects with DM 



(/^O.OOi, P in 



,,=0.05). 



Prasugrel Compared With Clopidogrel by 
Diabetes Treatment Type 

The relative benefit of prasugrel compared with clopidogrel 
for the reduction of ischemic end points was consistent across 



Table 3. Clinical Events by Diabetes Status (No DM, DM but No Insulin, DM With Insulin) 




No DM 


DM, Wo Insulin 


HR (95% CI) vs 


DM With Insulin 


HR (95% CI) vs 


Pkr 




(n=10 462), % 


(n=2370), % 


No DM 


(n=776), % 


No DM 


Trend* 


CVD/MI/CVA* 


9.9 


13,4 


1.32 (1.16-1.51) 


18.3 


1.84 (1 ,53-2.20) 


<0.0001 


CV death/Ml 


9.2 


12.0 


1.27 (1.11-1.46) 


16.3 


1.74(1,44-2.11) 


<0.0001 


Mrf 


8,0 


9.8 


1.18(1.01-1.37} 


13.7 


1.69 (1.37-2.08) 


<0.0001 


CV death 


1,8 


3.5 


2.02 (1.55-2.64) 


4.7 


2.46 (1.6B-3.61) 


<0.0001 


Stent thrombosis 


1.4 


2.5 


1.73 (1.25^2.39) 


3J 


2.65 (1.73-4.06) 


<0.0001 


Major ofeedfc 


2.0 


2.7 


1.33(0.99-1.80) 


2.1 


1.12(0.66-1.89) 


0.16 


Major or minor bleedt 


4.2 


4.9 


1.18 (0,95-1,461 


4.4 


1,08(0.75-1.55) 


0.24 


D/Ml/CVAVmajor bleed* 


11.9 


15.8 


1.31 (1.16-1.47) 


20.5 


1.71 (1,44-2,03) 


<0.0001 



Abbreviations as m Table 2. 

-The composite of cardiovascular death, nonfatal Ml, or nonfatal stroke. 
fAny Ml (fatal or nonfatal). 
JNot related to CABG, 
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Table 4 Clinical Events for Prasugrel Versus Clopidogre! by Diabetes Status 



Qopltfogrel, % Prasugrel, % HR (95% CI) P vs m Diabetes 



Qnhtpric lArilhnul DM /n — i fl jR9i n 
OUWjcHi WIINUUI Um \l\ — )U **Dt^, Jt 












run/M!/rW\* 


1 U.D 


y.^ 


U.00 (LF.rb-U.yoj 


0,02 




U ¥ Uf 1 T i 1 


inn 


D C 

O.u 


n siK try 7k_ji 07\ 






Mlf 


ft 7 






0.006 






1 Q 
I .b 


1 7 
1./ 


U.yl (U.W-1 .<?j) 


0.53 




OICIU LI 1 1 UN lULulb 




n o 

u.y 


0.45 (0.31-0,65} 


<0.001 






1 £ 


1 /l 

C.H 


\A6 (l.U/-1,yiJ 


0.02 




Maiftr nr minnr+ 




n 

4.y 


1.3Z (1.06-1.61) 


0.006 




D/M)/CVA7major Need* 


12.3 


11.5 


0.92 (0,82-1.03) 


0.16 




AN diabetes (n^3l46) r n 


1570 


1576 








CVO/Mi/CVA* 


17.0 


12.2 


0.70(0.58-0,85) 


<0.001 


0.09 


CVD/MI* 


15.4 


10.8 


0.68 (0.56-0.84) 


< 0.001 


0.08 


Mlf 


13.2 


8.2 


0.60 (0,48-0.76) 


<0.001 


0.02 


CV death 


4.2 


3.4 


0.85 (0.58-1.24) 


0.40 


0J8 


Stent thrombosis 


3.6 


2.0 


0.52 (0.33-0.84) 


0,007 


0.63 


Major hemorrhage* 


2.6 


2.5 


1.06(0.66-1.69] 


0,81 


0.29 


Major or minor* 


4.3 


5.3 


1.30 (0.92-1.82) 


0.13 


0.93 


D/MI/CVAVmajor bleed* 


19.2 


14.6 


0.74(0,62-0.89) 


0.001 


0.05 



Abbreviations as in Table 2. 

"The composite oi cardiovascular death and nonfatal end points (Ml afone or Ml/stroke). . 
tAny Mf (fatal or nonfatal). 
*Not related to CABG. 



the different treatment subgroups of diabetes (insulin versus 
no insulin; Table 5 and Figure 3). Among insulin-treated and 
non-ins ulin-treatcd diabetics, highly significant relative re- 
ductions in the primary end point (37% and 26%, respec- 
tively) were observed. This resulted in a number needed to 
treat of 13 subjects with DM on insulin and 26 with DM not 
on insulin to prevent I primary end-point event. Substantial 
benefits in ischemic events, including a 44% relative reduc- 
tion in Ml (9.9% versus 17.3%; P= 0.005) for DM on insulin 
and a 38% relative reduction for Ml in DM without insulin 
(1 1.9% versus 7.7%: / 3 <0.001) 1 plus a 69% relative reduction 
in stent thrombosis for DM on insulin (1.8% versus 5.7%; 
P= 0.008) and a 34% reduction among subjects with DM 
without insulin therapy (2.0% versus 3.0%; P=0,14), were 
observed. Hemorrhage rates were similar regardless of DM 
treatment type. As a result, a net clinical benefit of 34% was 
seen among subjects with DM on insulin (/ > =0.01) and a 
22% net clinical benefit among subjects with DM not on 
insulin (P=0.02), 

Discussion 

We demonstrated in TRJTON-TIMI 38 that more intensive 
and consistent antiplatelet therapy with a third-generation 
thienopyridine (prasugrel) plus aspirin in subjects with ACS 
undergoing PCI resulted in a reduction in ischemic events 
compared with standard dual antiplatelet therapy but with 
more bleeding and, on balance, an improved net clinical 
benefit. 1 * The present analysis examined the effect of DM on 
outcomes and the relative efficacy of prasugrel compared 
with clopidogrcl. Our data extend previous observations 
regarding worse clinical outcomes of subjects with DM 



across the spectrum of ACS, 4 We observed that despite 
modem coronary intervention with stenling and high levels of 
guideline-based medical care, DM had an independent ad- 
verse effect on clinical outcome. In addition, we observed 
that subjects with DM treated with insulin at the time of 
enrollment hail very high rates of ischemic events. 

Prasugrel was especially efficacious in patients with DM. 
Although key ischemic end points, including the primary end 
point and Ml, were significantly reduced among subjects both 
with and without DM, a greater relative reduction was seen in 
favor of prasugrel among subjects with DM, inctuding a 40% 
relative reduction in ML In addition, when both ischemic 
events and bleeding are integrated into a net clinical benefit 
composite end point, a significantly greater relative improve- 
ment was observed with prasugrel in subjects with DM than 
without DM (26% versus 8%). This combination of higher 
clinical event rates and greater relative treatment effect in 
subjects with DM led to markedly greater absolute event 
reductions in subjects with DM. Although these results were 
consistent regardless of whether subjects with DM were 
treated with insulin^ the higher event rates for subjects with 
DM on insulin result in an even greater absolute benefit. 
Compared with standard clopidogre!, to prevent I cardiovas- 
cular death, nonfatal Ml, or nonfatal stroke, 13 patients with 
DM on insulim 26 patients with DM not on insulin, and 71 
patients without DM would need to be treated with prasugrel. 

The present data also build on previous observations 
regarding intensive antiplatelet therapy among subjects with 
DM. 27 The particular benefit of GPIs among patients with 
DM has led to (he support in clinical guidelines for their use 
in patients with DM undergoing PCI. 2 * Speculation regarding 
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DM 

HR 0.70 (0.58-0.85), P<0.001 



No DM 

HR0.86 (0.76-0.98), P = 0.02 



Clopidogrel 17.0 




12,2 



150 200 250 300 350 400 450 



Days 



Clopfdogrel 10.6 




100 



P interaction " °- 09 



150 200 250 300 

Days 



350 400 450 



B 



DM 

HR 0.60 (0.48-0-76), P<0.001 



Clopidogrel 13.2 




1 1CK) L ISO 200 250* 300 350 400 450 

Days 



18 n 

15 

14 

12 : 

10^ 

s- 

6 
4 

2 

04 



No DM 

HR 0.82 (0.72-0,95), P = 0.006 



Clopidogrel 8.7 




Prasugrel 



50 



100 150 "266 '250' 



300 ' 
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= 0.02 
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Figure 1. Kaplan-Meier curves for prasugrel vs clopidogrel stratified by diabetes status. A, Primary efficacy end point (cardiovascular 
death/nonfata! Ml/nonfatal stroke) stratified by diabetic status. B, Ml (fatal or nonfatal). C, Definite or probable stent thrombosis. D, TIMI 
major bleeding not related to CABG« E, Net benefit end point {death/nonfatal Ml, nonfatal cerebrovascular accident, nonfatal TIMI major 
bleed not related to CABG). 



the mechanisms of the apparent increased benefit of antiplate- 
let therapy has centered on increased platelet reactivity with 
DM. U ' M Several studies have identified differences in 
platelet reactivity among subjects wiLh and without DM, 
with greater response to platelet agonists among the 
forrner> f:z ■ ,:^ ' |t^ ■"• ln ^ , Potential mechanisms to explain mis 
difference in platelet activity include direct platelet effects 
such as glycosylation of platelet membrane proteins, leading 
to alterations in receptor function and signaling pathways, 
and nonplatelet effects such as increased oxidative stress and 
impaired endothelial function, resulting in a procoagulant 
milieu. 6 Physiologically, insulin reduces platelet aggregation 



by inhibiting the P2Y l2 receptor, although this inhibition is 
absent in subjects with DM and insulin resistance. 3 ^ 33 In 
previous mechanistic studies, insulin-treated subjects had higher 
levels of platelet aggregation after dual antiplatelet therapy than 
subjects with DM not treated with insulin, indicating that 
treatment with insulin may identify a group of subjects at 
particular risk for poor response to clopidogrel^ We did not 
collect age of onset (j uveni]e versus adult) or duration of 
diabetes, both factors that may influence insulin use. These data 
do not necessarily imply that insulin use was causally related to 
higher rates of adverse outcomes but are compatible with the 
notion that insulin use identifies a high-risk subgroup. 
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Figure 1 (Continued). 
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Figure 2. Subgroups among subjects with DM. BMS indicates bare metaf stents only; DES, at least 1 drug-eluting stent; GPI GPIs 
used during index hospitalization; and CrCI, creatinine clearance. 



Given the potential role of stimulation of the P2Y, 2 
receptor in platelet activation seen in subjects with DM, a 
particular benefit of thienopyridines seen in this subgroup is 
biologically plausible, indeed, in the Clopidogrel Versus 
Aspirin in Patients at Risk for Ischemic Events (CAPRIE) 
trial comparing aspirin with clopidogrel in the secondary 
prevention of vascular disease events, a greater benefit of 
clopidogrel among subjects with DM was noted. M However, 
in the Clopidogrel in Unstable Angina to Prevent Recurrent 
Events (CURE) trial of subjects with ACS, dual antiplatelet 
(herapy with aspirin and clopidogrel was associated with a 
similar benefit regardless of DM, although event rates were 
higher among subjects with DM." 5 

One factor thai may have limited the ability to observe a 
greater effect among subjects with DM and ACS in CURE is 
hyporesponsiveness to clopidogrel. Inlcrsubjcct variability of 
response to clopidogrel is a well-described laboratory phe- 
nomenon, with growing evidence for poor response to clopi- 
dogrel being associated with worse clinical outcomes. 1 7 - J6 - J7 
Clinical factors associated with impaired response to clopi- 
dogrel include both ACS and DM, placing the subjects with 
these 2 features at especially high risk for a diminished 
response to clopidogrel. 37 Clopidogrel responsiveness has 



been specifically tested in subjects with DM and has been 
observed to be related to clinical outcomes. Diabetic subjects 
with higher posttrealment platelet reactivity are at higher risk 
for adverse events after coronary stenting.*™ As a result of 
these observations, investigators have examined the effects of 
higher ( 1 50-mg) maintenance 20 doses of clopidogrel on plate- 
let function in subjects with DM and found improved re- 
sponse, but they also noted the persistence of a high propor- 
tion of subjects not achieving predefined goals for platelet 
inhibition. 2 " The results observed in this DM subgroup 
analysis of TRITON -TIM I 38, however, are the first demon- 
stration in a trial adequately sized for clinical outcomes that 
more intensive oral antiplatelet therapy (in this case, with 
prasugrel) improved clinical outcomes compared with 
standard-dose clopidogrel in diabetic subjects. Although the 
dala presented here do not address the question of whether 
prasugrel would have been superior to higher-dose clopi- 
dogrel, prasugrel at the doses used in TRITON-TIM] 38 has 
been shown to provide superior antiplatelet effects to higher 
loading (600 mg) and maintenance (150 mg) doses of 
clopidogrel in patients undergoing elective PCI in the Pra- 
sugrel in Comparison to Clopidogrel for inhibition of Platelet 
Activation and Aggregalion-Thrombolysis in Myocardial 
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Table 5. Clinical Events for PrasugreJ Versus Clopidogrel by Diabetes Subtype 



Event 


Cfopidogrel, % 


Prasugrel, % 


HR (95% Cll 
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Subjects wilh DM on insulin (n=776), n 


397 


Of 3 
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14.3 




n nno 
u.uuy 
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19.3 


13,1 


0 64 fO 44-0 Q1\ 


0.02 


Mrt 
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U.JO [sJ.Of — U.O^J 


UaJUD 


Stent thrombosis 


5.7 


1.8 


n ffi iimi 77"i 

U.OI IU. 1 C~\J.f t ) 


n r\r\R 
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2.3 


1 n 


v,of ]U.o l— d.jaj 


r\ to 
U7o 


Major of minort 


4.5 


4.4 


U.vJiJ ^U,w~ 1 .00/ 




D/MI/CVA7major bleed* 


24.1 


16,8 


0.66 (0.47-0,92) 


0.01 


DM not on insulin (n=2370), n 


1173 


1197 






CVD/Ml/CVA* 


15.3 


11.5 


0.74(0.59-0.93) 


0.009 


CVD/MI* 


14.0 


10.1 


070 (0.55-0.89) 


0.004 


Mlf 


11.9 


77 


0.62 (0.47-0,82) 


<0.001 


Stent thrombosis 


3.0 


2.0 


0.66 (0.37-1.15) 


0.14 


Major hemorrhage* 


2.7 


27 


1.11 10.65-T.S9) 


070 


Major or mirror* 


4.2 


5.6 


1.42 (0.96-2.1 0] 


0.08 


D/MI/CVAVmaJor bleed* 


177 


13.9 


0.78(0.63-0,96) 


0.02 



Abbreviations as in Tabte 2. 

'The composite of cardiovascular death and nonfatal end points (Ml atone or Ml/stroke). . 
*Any Ml (fatal or nonfatal). 
*Not related to CABG. 



Infarction 44 trial (PRINCIPLE-TIM1 44) study. 17 The Clo- 
pidogrel Optimal Loading Dose Usage to Reduce Recurrent 
Events-Optimal Antiplatelet Strategy for Interventions 
(CURRENT-OASIS 7) trial (NCT00335452) is comparing 
the clinical efficacy of high- and standard-dose ctopidogrel; 
the results of the diabetic patients in this trial will be of great 
interest in determining whether a smaller difference in the 
intensity of platelet inhibition will result in improved clinical 
outcomes similar to those observed in TRITON-TIMi 38. 

The greater relative effect of prasugrel compared with 
clopidogrel among subjects with DM that we observed in this 
analysis supports the hypothesis that greater platelet inhibi- 
tion among patients with DM results in improved outcomes. 
Whether the differential effects between prasugrel and clopi- 
dogrel result from a greater level of inhibition of platelet 
aggregation on a population level or a greater proportion of 
subjects reaching a specific threshold cannot be determined 
from these data. That the benefit was consistent among 

Pras CJop Reduction tn Risk 
NO DM 9J!% 10,6% 14% 



DM No Insulin M — 11,6% 15.3% 26% 



DM on Insulin M 14,3% 22JMS 37% 

1 " 1 1 

0.3 1 2 

« Prasugrel Better Clopidogref Better ► 

Figure 3. Reduction in the primary end point (cardiovascufar 
death/nonfatal Ml, nonfatal stroke) by diabetes status and treat- 
ment group. Pras indicates prasugrel; clop, clopidogreL 



subjects with DM across a broad spectrum of characteristics, 
including UA/NSTEMi or STEM I, gender, and age, suggests 
that there is a relationship between DM per se and greater 
relative benefit with prasugrel. That a greater absolute benefit 
is seen among insulin-treated subjects with DM also supports 
this hypothesis. Of note, in the presence or absence of GP1, 
the benefit of prasugrel compared with clopidogrel was still 
observed, indicating that blocking the P2Y, 2 receptor in 
patients with DM is an important target beyond potent 
inhibition of platelet aggregation, 

It is of interest that subjects with DM had similar TIM1 
major bleeding rates regardless of treatment wilh prasugrel or 
clopidogrel. This may relate to the higher body weight of 
diabetics or greater baseline platelet reactivity among diabet- 
ics, or because the probability value for interaction with the 
entire cohort is nonsignificant, this observation may simply 
have been the play of chance. The latter explanation is 
supported by the similar relative increase in the combination 
of major or minor bleeding among subjects with and without 
DM and the higher major bleeding rate among diabetics 
compared with nondiabetics on clopidogrel, a finding that 
would be unexpected if this difference were related only to 
platelet activity. 

The combination of higher ischemic event rates wilh 
greater reductions wilh prasugrel and similar major bleeding 
rales leads to a significantly greater net benefit of prasugrel 
compared with clopidogrel among subjects with DM. In 
choosing antiplatelet therapies for management of patients 
wilh ACS undergoing PCI, the treating physician needs to 
weigh the competing risks of recurrent thrombosis and 
bleeding. Previously, subgroups have been identified that had 
limited net benefit with prasugrel from TRITON-TIM1 38, 
including those with prior stroke or low body weight or the 
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elderly. 18 These data demonstrate *hat patients with DM, seen 
in increasing frequency with ACS, derive a particular benefit 
from a more intensive oral antiplatelet strategy with accept- 
able safety. 

Study Limitations 

This was a prespecified subgroup analysis of prasugrel versus 
clopidogrel among diabeLics. Information regarding diabetes 
type was posthoc and should be considered exploratory. 
Comparisons between the outcomes of subjects by diabetic 
status (diabetes versus no diabetes or diabetic subtype) are 
subject to the influence of differing baseline characteristics, 
and diabetes is being used as a marker to represent these 
differing characteristics. Although diabetics had similar base- 
line characteristics between treatment groups (prasugrel ver- 
sus clopidogrel) and the size of this subgroup was robust 
(n=3l46), randomization was not stratified by diabetic sta- 
tus, and the possibility of an unidentified imbalance between 
treatment groups exists. The results are strengthened by 
biological plausibility, a gradient of effect with disease 
severity, and consistency with previous data for intensive 
platelet inhibition in patients with DM, We did not measure 
hemoglobin A fc or have another measure of DM severity or 
its medical control to better characterize the DM subgroup, 
although it would be expected that misidentification would be 
unusual and would only serve to bias the results toward the 
null. Finally, the absence of a large-scale platelet function 
study in subjects with DM in TRITON-TIMI 38 does not 
allow elucidation of the direct relationships between prasug- 
rel, clopidogrel, platelet function, and outcomes. However, 
our study shows thai an agent that achieves greater antiplate- 
let effect on a population basis had a larger effect on 
outcomes among subjects with than without DM. 

Conclusions 

In this analysis from TRITON-TIMI 38, we have demon- 
strated that DM has an independent adverse association with 
ischemic outcomes in subjects undergoing PCI for ACS, 
including a gradient from, no DM to DM without insulin 
therapy to DM with insulin therapy. We have also shown thai 
compared with standard clopidogrel therapy, intensive oral 
platelet inhibition with prasugrel resulted in greater benefit in 
reducing ischemic events and improving net outcomes among 
subjects with DM than in those without DM. These data 
demonstrate that intensive oral antiplatelet therapy is of 
particular benefit to patients with DM with ACS and planned 
PCI, and diabetes status should be considered when thera- 
peutic options are weighed. 
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CLINICAL PERSPECTIVE 

Patterns with diabetes mellitus (DM) are at high risk for recurrent cardiovascular events after acute coronary syndrome, in 
pari because of increased plaielet reactivity. Patients with DM have also been reported to be more likely to have a poor 
antiplatelet response to clopidogrel. The Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet 
Inhibition With Prasugrel Thrombolysis in Myocardial Infarction 38 (TRITON-T1MI 38) demonstrated an overall 19% 
reduclion in ischemic events with more intensive antiplatelet therapy with prasugrel compared with clopidogrel, but with 
more bleeding. Of 13/608 subjects, 3146 had a history of DM. We observed that, despite modern therapy including 
coronary intervention, DM had an independent adverse effect on clinical outcomes. Moreover, we found that prasugrel was 
especially efficacious in patients wilh DM. Although key ischemic end points including the primary end point were 
significantly reduced among both patients with and without DM, greater absolule and relative reductions were seen in favor 
of prasugrel among subjects with DM, driven by a 5% absolute and 40% relative reduction in ML No difference in T1MI 
major bleeding was observed in patients with DM, whereas a significant increase was observed in patients without DM. 
Combining safely and efficacy, prasugrel showed a net clinical benefit that was greater for patients with DM (26%) than 
without DM (8%). These data have implications for the potential use of prasugrel but also in a broader sense underscore 
the importance of intensive antiplatelet therapy for the growing population of patients with DM and acute coronary 
syndrome. 
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